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ABSTRACT

Title of Thesis: Single-Electron Capture by Multiply-Charged Carbon
Ions at Energies below 40 kev.

H. Jay Zwally, Doctor of Philosophy, 1968

Thesis Directed by: Research Assdciate Professor, David W. Koopman

Total cross sections for single-electron capture by C4+

from the target gases of He, Ne and Ar have been measured at

laboratory energies below 40 kev. The relative velocities of col-

lision were in the '"near adiabatic" range of 1 ~ 8 x 107 cm/sec.

Cross sections have also been measured for C2+ on He, Ne , and

Ar and Kr3+ on He . The experimental method was to pass an ion

beam through a thin gas target under single collision conditions and

to separate and measure the fast collision products according to

their charge state.

The results are interpreted in terms of the pseudo-crossing
of the adiabatic potential energy curves for the initial and the final
states. A comparison is made with a cross—section function, GLZ R
derived from the limited Landau-Zener theory using an empirical value
of the interaction matrix element that is based on previous theoretical
and experimental results. Possible contributions to the cross sections
caused by transitions that occur away from the pseudo~crossing region
as described by the numerical solution of the two-state, semi-classical

approximation by Bates, Johnson and Stewart are also considered. The



measured cross sections for C4+ + He , C4+ + Ne , and C2+ +

Ne
increase toward a possible '"second makimum" at much higher velocities
than those at which the OLZ function is a maximum; the increase occurs
at successively hipgher velocities for procééses with pseudo-crossings

at successively larger values of the interﬁucléar sebaration. These
characteristics are consistent with ;he BJS calculated resulﬁé which
give a second maximum for the process Mg2+ + H that also has a
distant crossing point. Electron capture with an Auger-type ionization

4t

of the target is energetically possible for C '+ Ne and C4+ +

Ar
and is considered as an explanation of the large and slowly varying

4

s . +

cross section that is measured for C + Ar .
bt ‘ . . :

The C ion was produced in a pulsed-discharge ion source
that is similar to the washer—type hydrogen plasma gun in design. The
pulsed-discharge ion source, an ion beam apparatus with a double~-
focusing mass spectrometer, and a system for ion detection and signal
recording have been developed to enable the measurement of the cross

sections for C4+ ions, which were previously inaccessible for beam-

type collision measurements.
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CHAPTER I
INTRODUCTION

Studies of binary atomic collision processes have been
motivated by two factors: their inherent interest as physical processes
énd’their impoftance as part of other physical phendmena.1 The basic
force in atomic collisions at’relatively loﬁ velocities is due to the
electrostatic interaction of charged particles, and nuclear interactions
are negligible. Although the motions of point charges in binary
collisions can be described, atomic collisions are complicated because
the colliding atoms are actually systems of charged particles. Therefore,
the problem is not a two~body problem and approkimations must be made
to a compléte, quantum-mechanical description.

The specific process studied in this experiment is the exchange
of an electron between colliding atomic systems, from a neutral target-
atom to a multiply-charged atom of a different element. This process of
electron capture is in the general class of rearrangement collisions
which involve an exchange of particles. Energy and momentum can also,
in general, be transferred. If there is also a conversion of internal
potential energy to kinetic energy of relative motion (or vice-versa),
then the collision is inelastic.

Collisions of heavy particles at low velocities can be
described in terms of the adigbatic potential-energy curves of the
quasi-molecule formed by the colliding atoms, as a function of inter-
nuclear separation (R). The criterion for low velocities is that the

velocity of relative approach be small compared to the orbital



velocity of the internal electron motion (of order lO8 cm/sec); but
also large enough (> 105/(reduced mass)% cm/sec)2 so that motion of

the atomic centers is essentially classical. This region of velocities
is usually termed 'near-adiabatic" (cf. Ref. 3,4). Single-electron
capture collisions between multiply—charged ions and neutral atoms are
interesting because they illustrate a class of processes that occur at
low velocities as a result of a pseudo-crossing of the adiabatic
potential curves.

In the following chapters a review of some of the applicable
theory, a description of the pulsed-discharge ion source and other
apparatus, a description of the experimental methods, and the graphs
of the experimental data and the interpretation of the results are

presented.

A. Multiply-Charged Ion—-Atom Collisions

The typical process that is considered is single-electron
capture of multiply-charged ions from neutral atoms,

(z=1)+ | g+ | ap (1.A.1)

AN 4B > A
where AE is the difference between the potential energy of the
initial and final configurations at large R . The electrons surround-
ing the nucleus of each ion or atom are in one of the many bound energy
levels. As the ion approaches the atom, the combined system becomes

quasi-molecular in nature and the positions of the various levels.



continuously change. Radiationless transitions of electrons between
levels become possible.

A basic assumption in theoretical treatments of atomic
collisions at low velocities is that the electronic motion and the
relative motion of the atomic centers can be separated, and that the
motion of the atomic centers can be classically described. If the
atoms approach adiabatically from infinity,.then the potential energy
of a given state of the quasi-molecule can be defined as a function of
internuclear separation, R . This potential energy as a function of
R idis termed the adiabatic potential.5 Theoretical treatments of atomic
collisions in this near-adiabatic range of velocities are given in
references (eg. 2, 4, 6).

The probability of an ultimate transition between states
depends on the duration of the collision. At each fixed internuclear
separation, R , there is a mixing of initial and final states; the
amount of mixing is dependent on the energy difference of the states.
During a collision this mixing is effectively turned on and off as a
function of time, and there is some probability that the final state
will be different than the initial state. Time-dependent perturbation
theory can be used in some approximations to determine the coefficients
of the final states after the,gqllision( (t = +=) .,

The energy definition‘of‘a given state can be approximately
related to the time interval (At) of the encounter By the uncertainty

principle (AEu ~R/At) . Thus, it can be seen that for short



collision times, states that are separated by approximately the -
uncertainty AEu overlap, and ultimate transitions are possible.

The well-known "adiabatic criterion" of Massey3 and subsequent applications
of it by Hasted et al (cf. Ref. 7) to collisions where the energy
separation, AE, between the initial and final’stateé is approximately
constant during the collision, indicates a maximum of the cross section

for the transition at the velocity
v N LAE/ (1.A.2a)
Vm(lo7 cm/sec) A .13 z(ao)AE(ev) (1.A.2b)

where % is the estimated length of the encounter.

Equation (1.A.2) can be derivedsfrom the Born approximation
and applies for the condition that AE is a small fraction of the
bound energy of the electron in its initial state; if AE dis of
order this bound energy, then vo© AE% (Ref. 8). For the multiply-
charged ion collision Eq. (1.A.1) it is well-known that Eq. (1.A.2)
is not directly applicab1e3’z since AE 1is a strong function of R
as discussed in the following paragraphs. However, the Landau-Zener
formula (discussed below) for the probability of a transition for the
exsthermic case of Eq. (1.A.1) can be showﬂg to be equivalent to
Eq. (1.A.2), if an average of AE in the crossing region (defined

below) and the estimated length of the crossing region for

the value of % are used.



The adiabatic condition, Eq. (1.A.2), must be used with
caution; it is only a qualitative formula for estimating the velocity
region where transitions may occur between levels that are closely
spaced during all or part of the’Collision.

Returning to a general consideration of the process given
in Eq. (1.A.1), we note that all three of the following complications
must be considered for multiply-charged ions: ' 1) for most systems,
thefe is more than one possible pair of initiﬁl‘and final states with
a cqrresponding AE; 2) din multi;electron éystems, two or more
eleé%rons might together undergo a transition; 3) AE is a strong
funcfion of internuclear separation, R, as a result of the Coulomb
potéﬁtial energy term between the final ions. The latter is the
esséﬁtial difference between multiply-chafged and singly-charged
ion—atom collisions.

Restricting consideration at this point to the exchange of
one elecfron between only one possible pair of states, one initial
state and one final state, the system can then be described by two
adiabatic, inter-atomic, potential energy curves. Typical, initial
and final curves for process (1.A.1), for the exothermic case (AE > 0), are
shown in Fig. 1.A.1. The final potential curve decreases approx-
imately as 1/R due to the Coulomb repulsion between the final ions, and
it 1is lower than the initial curve by the exothermic energy detect.
These curves would classically cross each other at Rx (hereafter
called the crossing point). However, as a result of quantum-
mechanical effects, adiabatic potential curves of the same symmetry

10
cannot cross,as stated by von Neumann and Wigner =, Therefore, the
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curves in this adiabatic representation do not cross, but have a
minimum separation near the crossing point due to the interaction of
the two states.

The probability of a transition between states in the region
of the crossing point due to the interaction or mixing of the initial
and the final states was first considered by Stueckelbergll, Landaulz,
and ZenerS. Their methods of derivation afe not the same, but basiéally
they use a semiclassical approximation and a two-state approximation;
Landau and Zener use time-dependent perturbation theory. The formula
for the probability of an ultimate transition is called the Landau-
Zener (LZ) formula, and its derivation and limitations are reviewed in
chapter 2A. 1Its use as an empirical formula with limited value as
a qualitative guide is discussed in Chapter 2B. An improved treatment
that also includes transitions outside of the region of the crossing
point has been made by Bates, Johnson, and Stewart13 and is reviewed
in chapter 2C.

Although the precise characteristics of the cross sections
for single-electron capture in multiply-charged ion—atom collisions
in the near-adiabatic region of velocities are uncertain, some features
can be noted: 1) if the process is endothermic (AE < 0), the curves
become more widely separated at moderate internuclear separations and
transitions are unlikely to occur; 2) if the energy defect is very
small (AE n 0), the process would be near resonant if AE were not
a function of internuclear separation, but again transitions are

unlikely to occur; 3) if the process is exothermic (AE > 0), there

is a crossing point, and for some values of RX the transition



probability is quite large, giving cross sections of order 1 - 40 A 2

at relatively low velocities of order’lO7 cm/sec,

B. Experimental Measurements of Electron Capture of

Multiply-Changed Ions

The general process to be considered for the collision of a
multiply-charged ion with a neutral target atom is described by

z+ (z+s-c) + B(i+c)

A" + B> A + (L + s)e + AE (1.B.1)

where 2z 2 2, and
z = No. of charges on projectile ion initially

¢ = No. of electrons captured by projectile

No. of electrons stripped from projectile

[}
(]

No. of electrons from ionization of target

e
i

Also, the ions can in general be in excited states. A complete
measurement of all the possible combinations would require coincidence
detection of all final particles and a determination of the electronic
state of all particles, Other parameters to be measured for a complete
description are the angﬁlar scatter and the energy of the final
particles as a function of the initial relative velocity. Usually,

an assumption about which specific process (sub-class of 1.B.1l) is most
probable, in a particular range of velocity, can be made and tested to

reduce the parameters to a reasonable number. In most collision



experiments either the fast collision products (projectile) are
an§1yzed and measured, or the slow collision products (target) and
electrons are analyzed and measured. For a review of these two
basic methods see reference 14,

The measurements of cross sections for electron-capture of
multiply-charged ions in this eiperiment have been made under single-
collision conditions so that cascade procesées'are\negligible. The
basic technique (cf. Chap. 4) is similar to that of Flaks and
Filippenko,l5 for ekample. The projectile ions are separated according
to charge state after collision. The total cross section for single-

electron capture (¢ = 1) that is measured is

Intensity of ALY

g (1.B.2)

2,271 Incident intensity of Az+

In addition to the single-electron process of single-electron capture,
the measured cross section includes contributions, if any, from the
two—electron processes of single-electron capture with target exéita—
tion and single-electron capture with target ionization. The stripping
process is not included in the measured cross section, nor is the
process of multiple-electron capture. The laboratory energy range of
the incident ions in this experiment is approximately 100 ev to 10 Kev
per unit charge (z) ; for Carbon (4+) the relative velocity range is
1.5 - 8 x 107 cm/sec. This velocity range is within, and extends
close to, the upper limit of the "near-adiabatic" range of velocities.
Previous experimental studies of multiply-charged ions

+
have been made with ions (e.g. C2+, Ar3+, Kr4+, Xe4 ) that can be



produced in an electron-impact type of ion source. Some of these
studies (16, 17, 18) have been directed toward investigation of
processes due to curve crossing. The'gasés that are stable and mono-
atomic are the inert gases, and the target atoms used in previous
experiments and this experiment have been limited to Helium, Neon,
Argon, Krypton and Xenon; crossed-beam eﬁperiments using multiply
charged ions and unstable species such as atomic hydrogen have not
been performed.

In the present eﬁperiment, ions are ektracted from the hot
plasma of a pulsed, washer—type plasma gun. Graphite electrodes are
used, and Carbon ions up to z = 4 have been produced in sufficient
quantity for a collisjion experiment. Cross sections for single-
electron capture have been measured for Carbon (4+) on Helium,
Neon and Argon. Additional ions of other light elements, that are
difficult to ionize or obtain in gaseous form, can probably be
produced and studied by adaptation of the techniques used in the

experiment.

10



CHAPTER II
THEORETICAL BACKGROUND

A discussion of theory that is applicable to the electron-
capture processes described in Chap. 1.A is given in this chapter as a
basis for understanding the ekperimental results. The derivation of the
Landau-Zener (L - Z) formula, which is basea on the two-state, semi~
classical approximation, and the limitations of this formula, as discussed
by Bateslg, are reviewed in Sec. A. The experimental and theoretical
applications of the L - Z formula to specific systems are reviewed in
Sec.. B. An empirical cross-section function, otz , 1is defined in
terms of previous theoretical and experimental results; this treatment
will serve as a rough qualitative guide for estimating the cross—sectign
function that is expected on the basis of the L - Z theory.

An improved treatment of the two-state, semi-classical
approximation with a numerical solution of the coupled equations by
Bates, Johnson, and Stewart13 (BJS) is discussed in Sec. C. of
particular importance to this experiment is their prediction of a
second maximum in cross-sections for interactions which have a curve-
crossing point at large inter-nuclear separations. Collisions involving

a change of state of two electrons are discussed in Sec. D,

A, Landau-Zener Approximation

Consider the transfer of an electron from the state n of

an atomic system A to the state m of an atomic system B .

11



A+ e)n +B-+A+ B+ e)m (2.A.1)

The basic assumptions to be made are that the motion of the nuclei can
be classically described and that there are only two states (n and m)
of internal motion. The details of the various derivations can be
obtained by reference to Bates,19 Mott and Massey9 and the original
papersll’lz’5 of Stueckelberg, Landau and Zener. Other similar treat-
ments and discussions are in the literature, for example Refs. 20-23.

A review of the basic features of the derivation of the
L - Z formula as given by Bates19 is presented here. A basic assumption
is that the velocity of relative approach is slow enough to permit the
description of the system by adiabatic potential energy curves. The
L - Z formula was derived for systems where, in the zero—order approxi-
mation of the wave functions, the initial curve crosses the final curve.
In higher order, the interaction of the initial state with the final
state is considered as a perturbation which makes the transition between
the states possible.

Time-dependent perturbation theaqry is used to derive coupled
differential equations for the amplitudes of each state. The exact
electronic eigenfunctions for the respective quasi-molecular states are
denoted as wn(glg) and wm(glg) , where r is the position vector
of the active electron with respect to the mid-point of the two nuclei,
and the relative nuclear coordinate R is a parameter. The respective
eigenenergies are En(g) and Em(g) and depend only on R . As a
crossing region is traversed, the eigenfunctions wn(glg) and wm(glg)

interchange their forms and the systems they describe (cf. Fig. 2.A.1).

12
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New functions ¢n(£lg) and ¢m(£l§) are defined as orthogonal linear
combinations of wn(glgb and ¢m(£]5) so that they do not change form
as R changes and will describe respectively the left and right side
of Eq. 2.A.1 for all internuclear distances, R .

The relative velocity, V , of the nuclei is assumed to be

constant and equal to its value at the crossing point and

z = Re¥ = vt . (2.A.2)
where v 1is the unit vector and v is the radial component of ¥
at R.X . A perturbation calculation gives the differential equations
for the respective amplitudes cn(z) and cm(z) for the states

¢n(g|g) and ¢m(£|§) . These amplitudes are functions of the impact

parameter as well as the time. The results are

fz

3(; (Z)
n hnm(R) cm(z) exp {—-%J (hmm(R) - hnn(R))dz}

iAv 5

(2.A.3)
and

ch(z) i [? _
1fv—— =h_ (R) c (@Dexp{- J (h__(R) - hnn(R))dz} (2.A.4)

where

hnm = J ¢:(£lE)H¢m(£|B)d£ (2.A.5)

and H dis the Hamiltonian. The crossing distance, Rx’ is by defini-

tion the point where the curves hnn(R) and hmm(R) cross (cf. Fig. 2.A,2),

14
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Fig. 2.A.2. Matrix Elements between ¢n(r|R) and ¢m(r|R) .
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The boundary conditions are
2 2
lCn(—m)l =1 and |cm(—«9] =0 . (2.A.6)

In order 'to solve (2.A.3) and (2.A.4) analytically, a model must

be introduced. One such model is that of Landau and Zener. It is

assumed that the probability of a transition occurring is appreciable

only in a very narrow region near the crossing point. The matrix

elements are then assumed to be

N

hnm(z) = hmn(z) = AU(RX) = constant (2.A.7)

and

hnn(z) - hmm(z) = oz - zx) ; o = constant. (2.A.8)
The asymptotic amplitudes of the solutions can then be obtained. The
probability, P , that for a single transit of the crossing point the

system will remain in state n (i.e. remain on hnn(R) or equiva-

lently jump from En(R) to Em(R) , see Figs., 2,A.1 and 2.A.2) is

P= |cn(w)|2 =e " (2.4.9)
where
2
h' (z)
2m am
v 5 v(h! (z) - h' (2)) (2.A.10)
7=z
x
and
2
1-P= e =], (2.A.11)

16



The total probability of an ultimate transition from n > m (subscript

1 indicates the ingoing transit and 2 the outgoing transit) is

an = P[n > n]l Pln »> m]2 + P[n > m]l Plm » m]2 =P(1-P)+ (1 -7P)P
or
an = 2P(1 - P) . (2.A.12)

Equation (2.A.12) is called the Landau-Zener formula.
In order to obtain a cross section as a function of the relative
velocity of motion the transition probability, an , must be integrated
over the impact parameter. an has an implicit dependence on the
impact parameter, p , because the value of v in Eq. 2.A.10 is the
radial component of the relative velocity at the crossing point.24
Therefore, v is a function of Rx and of the relative velocity, V

REL ’

at infinite sevaration. The cross section is then
R
X
cnm(VREL) = 2% Jo an(p’Rx’VREL’ Matrix elements)pdp .

(2.A.13)

The limitations of the L - Z formula, as discussed by
ﬁates, are of two types, those which are due to assumptions imposed
to derive Eqs. (2.A.3) and (2.A.4) and those which are imposed by the
model that is chosen to solve these equations. Discussing first the
limitations inherent to equations (2.A.3) and (2.A.4), a lower limit
of applicability is imposed by the assumption that the energy of

relative motion be

17



E >> 2|0 | . (2.A.14)

This is not very restrictive,since usually hnm < 5 ev and is very
small if Rx is large. An’upper limit is imposed by ignoring the
effects of the change in the translational motion of the active elec-
tron when it i3 transferred between systems. According to Bates this

is unjustified for

E_ 3 25 M/22 Kk ev (2.A.15)

where M 1s the reduced mass and £ (atomic units) is a measure

of the linear extent of the more compact of the two eigenfunctions.
The most severe limitation arises if the eigenfunctions ¢n and

¢m are not spherically symmetric. This restricts the applicability
to s - s transitions. Otherwise, for example,if the inital electron

state is a p state and the final state is an s state, additional

rotational terms must be considered. Bates states that these terms
cannot be neglected at high velocities, but that the velocity above
which serious error occurs is difficult to estimate. As will be

seen in section C,most of the transitions that have been experimentally
stﬁdied and to which the L - Z formula has been applied are not

s - s transitions.

18



The other limitations are due to the L - Z model that is
chosen for the matrix elements. The basic assumption of this model
that transitions only occur near the crossing is contradicted because
the oscillations of the exponential functions in\(2.A.3) and (2.A.4) are
not sufficiently rapid away from the region of the crossing point to
produce cancellation. Bates gives an expression for the width of the

transition zone in which the oscillations do not cancel as

%

Az ¥ (fﬂﬂl) v%
o

Bates estimates that the transition zone can be of order RX even at

relatively low velocities. If the transition zone is quite wide, the

choice of a constant interaction energy hnm(Rx) is not justified.

Bates presents two qualitative corrections to the probability
vs. velocity curve. One is the shift of the normal peak to higher
velocities, which appears to be inconsistant with his more recent
results (cf. Sec. C). The other is the prediction of a second maximum
at higher velocities for crossings at large separations for which the

first maximum is at very low velocities.

19



B. Empirical Use of Landau-Zener Formula

From the L - Z formula (Eq. 2.A.12), Bates and Moiseiwitsch

deduce the following expression for the cross section for the process

(1.A.1)
o = 42 1() {( + Mp} (2.8.1)
where
I(n) = J exp (-nx) {1 - exp(—nx)} x—3dx (2.B.2)
1
and
V2 b, ) * (z - 1)
n o= 247.2 ———} = r (2.3.3)
VREL @ +u)+n?

and p is the probability that the particles approach along the
specified potential emergy curve (p = 1 for process 1.A.1), VREL
is the velocity of relative motion, AE is the energy defect (equal

to the separation of the curves at R = ®), AUX is the separation

of the curves at the crossing point and
AU = 2]hnm(RX)] . (2.B.4)

The terms A and u are usually small compared to unity and are

given by
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A=) - U RIME L (2.B.5)
and
@+ - EzDe? | a e - v°) (2.8.6)
AEZ dr i £ R

X

where the initial and final, adiabatic potential curves are denoted by
Ui(R) and Uf(R) » and a zero superscript denotes the pseudo-
crossing, non-interacting curves. The integral, I(n) , has been

calculated25 and has a maximum value of .113 at n = .424 . We also
note that the relative velocity is

v = “EREL _ 2E 8 (2.8.7)
REL M M, "B

where M dis the reduced mass, EREL is the energy of relative motion,

M, 1is the projectile mass and EL is the laboratory energy.

A AB

A value of Rx can be obtained by calculating the inter-
section of the approximate, pseudo-crossing potential energy curves
which include terms representing the polarizability interaction and

the final Coulomb repulsion. The implicit equation for Rx is

e2{(_Z§-:_’_L)_ + :AZ} = AE (2.B.8)
X Rx

where

(Z-1)+

A= % (22(8) - 2 - 2@ - aa )} (2.8.9)
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and the a's are the polarizabilities. Also, substitution of the

potential terms in (2.B.5) and (2.B.6) yields

2
e A
A= — (2.B. 10)
EEL {34}
X
and
L _te-n [a-1n , .
(L+ ) = 5 5 + 5 . (2.B.11)
AE R, R

If the polarization terms in the potentials are neglected, then both
u and A equal zero.

The L - Z cross section for a given energy defect, AE, and gi%en Z
is a function of three variables by Egs. 2.B.1 through 2.B.10 i.e.

o= o(RX,AUX,v ) (2.8.11)

REL
The value of Rx is calculated as described in the previous paragraph;

v remains as a parameter; AUX must be calculated from the matrix

REL
elements using the appropriate wave functions (cf. Egs. 2.A.5 and 2.B.4).
The maximum value of the cross section (assuming ) = 0) occurs at
I(.424) = .113 and is determined by the value of Rx , i.e.

LZ _ 2

Opax — .45 wa (2.B.12)

The velocity (or energy) corresponding to a particular value

(e.g. the maximum value) of the cross section is determined by Eq. 2.B.3
which is
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) (2.B.13)

n=n A
(R, 80 s Ve,

For given values of AE and Z,and since RX enters only in the small

terms, A and u , we have approximately

AUi AUi

- « (2.B.14)
VREL /2
REL

which shows that n is a much more sensitive function of AUX than

of VoL ©F EREL . In fact, for a fixed value of n (e.g. n = .113)
AEpp) - Alvgg) AAU)
5 = 2 v = 4 AU (2.B.15)
REL REL X

Hence, the velocity and the energy corresponding to a particular value
(e.g. the maximum value) of the cross section are very sensitive to
the value of AUx ;3 a fractional shift in AUX produces twice that

shift in v and four times that shift in E . This sensitivity

REL REL
was noted by Bates and Moiseiwitsch24 who also noted that the L -~ Z
theory should therefore be more reliable for determining the magnitude

of the cross section than for determining the energy position of the

maximum of the cross section.

Equations for the energy and the velocity at which the L - Z

cross section is a maximum are included for reference.

4
ma AU

B2 = 34.0 x 10° (z - 1)2(MA) (E’5> a+mw 2 (e

(2.8.16)
and
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AU 2

max _ _ p:3 -1 7
VREL = 81.0 (2 - 1) (AE ) 1+ u) (10° cm/sec)

(2.B.17)
(The (1 + A) term was dropped since A(ER) << 1 at energies above

several hundred ev).

The following methods of comparison of theory with experiment
are noted by Hasted, Lee, and Hussain:

1. Comparison of the form of the experimental cross section
function with I(n) normalized at the maximum of the cross section.

2. Comparison of the maximum value of the experimental cross

section with Eq. 2.B.12.

3. Calculation of the value of AUX from Eq. 2.B.3 using
N = .424 and the relative velocity for which the experimental cross
section is a maximum; comparison of these AUx values for several
collision processes'as a function of other collision parameters, such

as R .
X

‘4. Comparison of the values of AUX calculated as in

method 3 with values of AUX from a quantum mechanical calculation

of the matrix element, hnm .

A number of quantum mechanical calculations of AUX"Were

made24’27’28 for relative simple atomic systems composed of either

an atomic hydrogen or a helium target and projectiles of various multiply-

charged light elements. Calculations of AUx were also made29’30 for

simple ionic recombination between H ions and various positive ioms.

These calculated AUx appeared to be primarily a function of Rx28’30.
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A number of experimental values of AUX were obtained as in method 3
above by Hasted and Chong from their experimental data and from previous

data of Hasted and Smith31. These theoretical values of AU and the
X

experimental values of AUX were plotted16 as a function of RX with

a smoofh curve drawn through the points. The values of AUX range from
2.3 % :LO“8 ev at Rx = 20.2 a, for one proceSSZ8 to 5.2 ev at

RX = 3.3 a for another proce5327. There is a considerable scatter of

both the theoretical and the experimental points around the smooth

curve. There has been some attempt to relate the deviations from the

30

curve to other factors,such as the atomic number of the target

Some more approximate, quantum mechanical calculations of

17,26,18

AU# were made for more complex atomic systems, such as

Kr3+ + He , for which experimental measurements of the cross sections
were also made (same refs.). The method of comparison is as described
in method 4 and is a direct comparison of the experimental and the
theoretical AUX for each process. Some values agree well, but there
are also large differencesls.

If the value of AUX were only a function of Rx , 1t
would be possible on the basis of the empirical curve of AUX vs. Rx
and the L - Z formula to predict a cross section function for a

process from the value of the crossing point, Rx . As discussed

previously the magnitude of the predicted cross section would be more

accurate than its velocity position. The scatter of the AUX points

about the smooth empirical curve varies from several factors for some
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points to orders of magnitude for other points. Nevertheless, without
regard to the accuracy of the points or the precision of the curve fit,
we define the function AU(RX) to be the smooth curve of Hasted and

1 . .
Chong 6 (reproduced in Fig. 2.B.l), and define the Landau-Zener cross

section function

Lz LZ
0% = ¢"“(8E,Z,R_,AUR ),V 1) (2.B.18)

The calculation of oLZ is performed by a computer routine
requiring the input of the values of AE , Z , and the polarizabilities.
The atomic masses are required only to compute the small quantity X .
Only the initial polarizability of the target is usually included. The
value of RX is primarily a function of AE/(Z - 1) , and the
polarizability is significant only at small Rx . The factor u can
be significant (& .4) for small RX and/or for the targets with
large atomic numbers and is included in the calculations. The factor
(Z -~ 1) enters in Eq. 2.B.3 for n in proportion to the velocity, so
that, with all other quantities being equal, the cross section maximum
is at smaller velocities for the more highly charged projectiles.

A series of L% functions are plotted in Fig. 2.B.2 as a function of
the relative velocity for a series of RX values, for a Z = 2 projectile
and for a target polarizability of Neon. These curves can be

approximately applied to a particular process by taking the appropriate
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AE/(Z - 1) wvalue which gives a value of R the velocity scale must
be divided by (Z - 1) .

The empirical application of the L - Z theory described
above is subject, of course, to the validity of the AU(RX) function
as defined from the empirical curve and to the validity of the L - Z
theory itself. However, the GLZ function as defined provides a rapid
means of determining what cross section might be expected on the basis

of the L = Z theory with all its implicit limitations.
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C. BJS Solution of Two-State Approximation

"'1. 'BJS Formula

Coupled differential equations similar to (2.A.3) and (2.A.4)

were derived by Bates, Johnson and Stewart13

(BJS) and solved in a
manner that considers the oscillatory nature of the transition probab-
ility and includes the effect of transitions away from the classical
crossing point. These coupled equations are expressions for the
complex coefficients, cn(z) and cm(z)', corresponding to the two
states, n and m , in terms of the matrix elements between the
states; the complete electronic wave function is expressed as a combin-
ation of the atomic eigenfunctions that are taken to be spherically
symmetrical, so therefore the applicability of the results is limited
to s - s transitions. BJS derive from these equations an expression

for the probability of an ultimate transition from state n to

state m as
P = le]? = 4 (0 {1 -z (07 sia’n(0) (2.c.1)

where rp(z) is due to the expression of the coefficients in polar

form, i.e.
e (2) = r_(2) explio (D} , e =, (2) exp{io ()}  (2.C.2)

with n(z) being a function of en(z) , em(z) , and an integral

over a function of the matrix elements. The probability given by
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Eq. 2.C.1 is in terms of the wvalues of rn(z) and n(z) at z =0
where the colliding atoms are closest. The coupled equations are
replaced by real equations for rn(z) and n(z) . Finally the BJS

differential equations to be solved are

ar_(z) 2% i
vy = -, } - R(R) sin n(z) (2.C.3)
and
2r (z)2 -1
V—-—dzéz) = -g(R) + ——————p K(R) cos n(z) (2.C.4)

rn(z) 1 - rn(z)?2

with the boundary conditions
r (=1, n(==) =0 (2.C.5)

and K(R) is a function of the matrix elements. The probability,

an , 1is a parametric function of the impact parameter, £ , and

the total transition cross section is thus given by

00

o = 2% Jo an(p)pdp . (2.C.6)
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2. L ~'Z Model mroi g

¥

Unfortunately, the equations of theilést‘éééfgbh>éié gfili
rathe; far from a form thét would permit one to seé ﬂ;w thelé;oss?
sections vary as a function of various parameters éugh as véibcify‘
or R.X . Models given in terms of sevéral parameters are designed
to provide such insight; however, accuracy is usﬁally traded for the
gain in simplicity. This is certainly true for the Landau-Zener model,
which treats the two (ingoing and outgqing) crossing points separately
and assumes a particular form for the interaction matrix elements
(cf. Sec. A).

Comparison of the L - Z probability, Pﬁi = 2P(1 - P) R
with the BJS formula (2.C.1), reveals the association between
rn(O)2 and P . The difference is that the BJS formula is oscil-
latory, whereas in the L - Z formula the separate probabilities were
assumed to be additive. BJS point out that the rn(O)z _obtained by
ﬁsing L - Z type matrix elements would be identical with the L - Z
probability P , if the crossing points are infinitely far apart. 1In
this case, they also note that the respective cross-sections are
approximately the same, since the phase angle, n(0) , dis then random
(sinzn(O) averages to %) .
| In order to demonstrate the oscillatory effects on the
probability, BJS adopt the L - Z model for the interaction matrix
elements (but not the L - Z addition of probabilities) and then
numerically solve the Eqs. 2.C.3 and 2.C.4 . The oscillations in both

rn(z) and n(z) combine to produce complicated oscillations in the
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total probability as given by the BJS formula. Solutions of the
equations by BJS for various values of a parameter  (a function

of velocity, impact parameter, and the constants of the matrix element
model) provide some insight into the nature of the process, and they
show the importance of transitions away from the crossing point and the
interference between the oscillatory terms. The utility of a numer-
ical solution of the equations for a specificlmodel is limited by the

number of required parameters.

3. Solutions for Representative Processes

BJS apply their rumerical solution to the specific processes

Be2+ +H - Be+ + H+ (+ 4.61 ev) , RX = 5.8 a, (2.c.7
with a close crossing, and
wg” +HoMgt +E (143 ev) , R _=18.9 a (2.C.8)

with a distant crossing and calculate the cross sections as a function
of velocity. These processes are experimentally difficult to study;
however, the qualitative features of the results can probably be
extended to other processes. The parameter that provides the basis for
the comparison is the crossing distance, Rx . This extension is reason-
able because preyious experimental results and calculations witﬂ the

L - Z formula indicate that the interaction matrix elements
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are primarily a function of Rg (cf. Sec. B). It should‘be>eﬁ§ha§ized
that the BJS solutions and any L - Z calculations that have been
made apply only to s - s transitions, and the results should not be
indiscriminately ektended to other transitions.

The BJS results for processes (2.C.7) and‘(Z.C.8) are
reviewed and presented here for reference. The probability vs. impact
parameter results of BJS for process (2.C.7) are reproduced in
Fig. 2.C.1 and clearly show the oscillatory effects. Their cross-
section results are given in Fig. 2.C.2 as a function of the relative
velocity of approach.

A considerable difference between the close crossing process
(2.C.7) and the distant crossing process (2.C.8) is evident. For the
close crossing provess, BJS note two essential differences between
their solution and the L - Z model solution.24 The maximum of the
BJS solution is almost twice that of the L ~ Z solution because of
the considerable contribution from the region outside the crossing
point (i.e. P > Rg) , and the magnitude is considerably larger at
lower velocities, mainly because the matrix elements are considered as
functions of the separation rather than as constants calculated at the
crossing point.

The features of the cross—-section for process (2.C.8) are
related to several of the ekperimental cross-sections in Chap. 6. For
distant crossings the L - Z model gives a single makimum at very
low energies (cf. Sec. B) due to transitions near the crossing point.
However the BJS calculations give a second maximum at a considerably

higher velocity. This second maximum occurs because the maxtrix
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elements are‘considered as a function of the separation, and their
variation is such that the transition probability is high for closer
encounters where the impact parameter, p , is less than about half
of Rk . This second maximum is very important because it indicates
that some cross—sectionS?previously thought to be very small except
at low velocities on the basis of the L - Z theory, will be large

through a wide range of velocities.
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D. Processes Involving Two-Electrons

The discussion in previous sections of this chapter has been
confined to consideration of the exchange of only one electron between
two definite states. However,processes involving the change of state
of more than one electron must also be considered.> They are exempli-
fied by two-electron capture, one-electron capture with excitation of
the target and one-electron capture with an Auger-type of ionization
of the target. Capture with target ionizafion is a special case of
capture with target excitation for which the final state is in the
continuum. At low energies, two-electron capture is usually less pro-
bable than one-electron capture,and in this experiment the measured
cross—section does not include two-electron capture. However, the two
electron processes of one-electron capture along with excitation or
ionization of the target are included in the measured cross section for
single-electron capture (see Chap. I.B) and must be considered in the
interpretation of the results.

Considering the complexity of the theory of the one-electron
process, it is not surprising that little can be said about the two-
electron process of one-electron capture with target excitation or
target ionization. In a sense the two—electron processes can be
éonsidered as second-order in that a coupling between the two electrons
is required. If in a region of internuclear separations the initial
and final states are closely spaced in energy, the probability of a
two—electron transition might be large in some region of velocities.

Therefore, it appears reasonable to consider the adiabatic potential
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energy curves for the initial and final states and possible pseudo-
crossings of these states. However, the L - Z theory, as discussed
in previous sections of the chapter, is not applicable.

The magnitude of a cross section, o , for any process is
approximately proportional to the producf of the square of the crossing dis-
tance at which it occurs and to the probability of a transition at that
crossing distance. Therefore, the magnitude of a cross section can be
qualitatively described for the many cases: transitions at small
distances with high p;obability (s 1) imply small or moderate o ;
transitions at moderate distances with small or moderate probability
imply moderate or large o ; transitions at large distances with small
probability imply moderate o ; transitions over a range of distances
with small or moderate probability imply large o , etc. Little can
be said about the velocity dependegce of any of these cases for the
two-electron processes, except in a very speculative manner
by comparison to the L-2 theory for one—electron transfer.

In the remainder of this section are considered collisions in
which the final state is in a continuous spectrum of states; a rough
estimate 1s made of the cross section at low velocities for electron
capture with Auger-type ionization of the target for the CA+ + Argon
qollision.

Ionizing collisions that can occur as a result of curve-
crossing have been considered by Bates and Massey3, and they discuss

the one-electron process
+
A+B>A+B +e (2.0.1)
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which is endothermic. The initial and final curves can have a
pseudo-crossing because of the final polarizability interaction. The
crossing between the initial curve (A and B) and the final curve
(A and 'B+ and an ejected electron with zero kinetic energy) is shown
in Fig. 2.D.1. 1Inside the first crossing, RXo ,- there is a continuum
of states, for which the electron has a positive kinetic energy. This
is an autoionizing region for the quasi4molecﬁle (A + B) . Bates and
Massey give the following approximate formula for the cross-section

RXW

v

G = nRi 1-e (2.D.2)

where W—1 is the life-~time against auto-ionization and is assumed to
be constant inside of Rx . More detailed treatments of this type of
process have been made32’33’34.

The two-electron process of single electron capture with
ionization the target

Zt+

I N

+3t4+e+ & (2.D.3)

is exothermic if the recombination energy of the projectile is

greater than the sum of the first and second ionization potentials of

(IP, and IPZ) the projectile, i.e.

1

IPZ(A) > IPl(B) + IPZ(B) . (2.D.4)

Whereas the previous ionizing process (2.D.1) had a continuum of
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states inside some crossing point, process (2.D.4) has a continuum of
states outside of a crossing point, Rﬁo . The crossing point, R 0 ?

X
is defined by the intersection of the initial curve with the final

-1)+
(z-1) and B2+ and an ejected electron with zero

curve (for A
kinetic energy, see Fig. 2.D.4). An important feature of both
processes (2.D.1) and (2.D.3) is that they are isoenergetic, the
excess bound electronic energy going into kinetic energy, Ee of the free
electron. Also the transitions are not confined to some region about
a crossing point.

The lifetime (W—l) against autoionization for (2.D.3)
is clearly not approximately constant. For example, only when the
internuclear separation is small enough for the system to be quasi-
molecular with sufficient overlapping of the wave functions can

autoionization occur. Therefore,with W a function of R , the

formula corresponding to (2.D.2) for this case is

© p
0=21'rj 1 - exp [-EJ m‘“‘—% odp - (2.D.5)
v 2 2%
(o} o (R7-p7)

Eq. (2.D.5) requires a knowledge of the transition probability per
unit time, W(R) , as a function of R .

z+ + B)

In the autoionizing region the quais-molecule (A
is an excited system. As noted by Kishinevsky and ParilisBs, the
mechanism whereby one electron fills a vacancy in a lower level and

the other electron is ejected, is of the Auger type, shown schematically

in Fig. 2.D.2. They compute the transition probability per second
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W(R) , for the model of two electrons in the field of two Coulomb
centers separated by a fiked distance, R . The probability obtained
from their calculation has a makimum (v 4 x 1015/sec) at the internuclear
separation, R, yhere the energy of the ejected electron is a
minimum. The magnitude of their cross section for this model is of
order 3 x 10_16 cm2 at a velocity of 106 cm/sec , and it decreases
slowly with increasing velocity.

We now consider the specific cases of C4+ + Neon and
04+ + Argon, both of which satisfy Eq. (2.D.4) so that the Auger
ionization process (2.D.3) is exothermic. The approximate, pseudo-
crossing potential energy curves are shown in Figs. 2.D.3 and 2.D.4.
The energy terms included in the curves are  the dinitial polarizability
of the neutral target in the initial curve and the Coulomb repulsion
in the final curve. Note that the crossing points, Rxo , a;e quite
different for the Neon and Argon targets,i.e. 88 a, and 8.0 a,
respectively because the energy defects are 1.85 ev and 21.1 ev
respectively. Also shown are the curves for target excitation including
only the energy terms noted above. All the curves are for capture into
the ground 2528% state of C3+ . Capture into the n = 3 excited
states of C3+ is also exothermic (see Table 6.2), but these curves
are not shown in the figures.

Considering the C4+ + Argon curves,we note that the initial
curve lies in the continuum of final states, but it is not clear how
the initial state interacts with the continuum states or with their

boundary for which the electron energy is, E, = 0 . Obviously,a

quantum mechanical description considering all states would be complex.
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However, a qualitative comparison of C' + Neon and C + + Argon can
be made because of the large difference in their crossings, R__ .

X0

Since for the Neon target. RXo = 88 a, is veryllarge,ﬁlittle inter-
action with the continuum states can be ekpected. However, for the
Argon target RXo = 8.0 a, is a moderate value, and it: seems reason-
able to expect that interaction with the continuum states resulting in
Auger-type ionization is probable.

A rough estimate of the cross section for electron capture
with Auger-type ionization of the target can be made. We define Re
as an effective radius inside of which there is an interaction with
the continuum states and define W as the average transition
probability per second for R < Re . Then Eq.  2.D.5 1s

- ﬁRe
v

onN TR l1-e . (2.D.6)

Choosing R, = Rzo = 8 a = 4.2 A® for C4+ + Argon, we note that the
probability term enclosed in parenthesis is of order ome for

W z 1015/sec at V = 107 cm/sec. The estimated cross section is then
approximately equal to the geometrical factor,

. % wRﬁ = 55 Ae? (2.D.7)

Even if the transition probability were an order of magnitqde less, the

estimated cross section would still be large because of the large

geometrical factor.
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CHAPTER III
PULSED-DISCHARGE ION SOURCE

Ionization by electron impact is the usual method of producing
singly or multiply—charged’ions. A review of various types of ion
sources is made by Hasted36 who mentions pulsed sources. A common type
of electron-impact ion source is one in which a gas is bombarded by a
well-controlled beam of electrons; this type of source is sometimes
operated in a discharge or plasma mode by increasing the gas pressure
and electron current. These electron-impact and/or plasma discharge
sources are typically characterized by: continuous ouput of current,
production of mostly singly-charged and doubly-charged species, typical
output currents of up to 10_6 amperes, and some production of more

by

highly-charged ions of elements with large atomic numbers (é.g. Kr
The lighter elements, however, are more difficult to multiply-ionize

and many are not gaseous at near room-temperatures. For example, carbon
ions can be produced in an electron-impact ion source from the gaseous
compound CO2 , but the charge state is essentially limited to Z < 2
in that type of source. A pulsed-discharge ion source that produces

carbon (4%), and its operation in a collision experiment, are described

in the following sectioms.
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‘A. Design and Operation

In order to increase the average charge state of the ions
from a source, it is necessary to increase the rate of electron
impact; the energy of many of the electrons must of course be greater
than the ionization potentials of each charge state to be produced.
These requirements can be met by creating a high-temperature plasma
using an electrical discharge of high -current.

The source developed for this experiment has evolved
from the washer-type, pulsed-plasma gun using hydrogen loaded titanium

Washers37 . Eubank and Wilkerson38

observed ions in the output of
their hydrogen plasma source characterized by M/Z = 3 , apparently
C4+ generated from impurities in the vacuum system. On the basis of
that observation carbon was introduced in the present source by using
graphite electrodes and graphite washers to form the discharge cavity,
as shown in Fig. 2.A.1.

The central graphite electrode of the source is connected
toa .1 ﬁf capacitor charged to 10 KV to 15 KV relative to the
first concentric washer which is statically at the potential, Vacc .. A
fast triggering pulse of polarity opposite to the voltage of the
central electrode is applied to the first washer; the discharge of the
small . .002 uf capacitor in the trigger circuit causes initial
vaporization and ionization of electrode material. The main (.1 pf)
capacitor then discharges along the washer stack producing additional
ionization. The circuit path of the main capacitor discharge is short

in length for low inductance and the main capacitor discharges in

about 2 pysec.
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The dense plasma that is formed in the cavity expands outward
along the axis and through a drift region approximately 50 cm long,
during which the density falls to a value where space charge and Debye
screening are unimportant. After the expansion, it is possible to
control the motion of the ions by electrostatic aﬁd magnetic fields.
The source and the discharge and triggering circuits are raised to
a positive potential, Vacc » so that the ions are electrostatically
accelerated, after expansion of the plasma, to higher energies than
those naturally generated by the source.

Fig. 3.A.2 illustrates the time of flight analysis made of
the output of the ion source. A 127° focusing, electrostatic energy
analyzer selects ions with an energy per unit charge ratio that is
proportional to the symmetric voltages applied to the deflecting plates.
The analyzer is followed by a secondary emission type ion detector.
Knowing the dependence of the kinetic energy on mass and velocity and
using the total path length and energy selector setting, it is possible
to identify the peaks corresponding to ions of different mass per unit
charge on the time resolved detector signal. Such an oscilloscope
trace is also shown on Fig. 2.A.2. Note that after the m/z =1 and
m/z = 2 peaks, which appear to be hydrogen impurities generated from
the hydrocarbon material used as a binder for the graphite, peaks
corresponding to C+4 s C+3 s C+2 , and C+l appear. There are no
significant peaks corresponding to other possible impurities (e.g.,
T, o, sit, ‘ete.)

Inyestigation of the output at various ion energies shows that
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TIME-OF-FLIGHT ANALYSIS
E/Z ANALYZER

s >
. <~ L:86
SOURCE L=86 CM ) _,3/‘ 3
7
/
&
E/Z= 100 eV DETECTOR

M/Z
* H2 c“" 3* cz* * SPECIES

Fig. 3.A.2., Time-of-Flight Analysis of Output from Pulsed-Discharge
Ion Source.
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there is a wide range in the energy of the output as would be expected
from such a source. Fig. 3.A.3 presents the relative intensity,
averaged over a number of shots, for the various carbon ion peaks at
different energies. Zero acceleration potential, VaCC , Wwas used
for these measurements. Note that the C+4 signal is abouf one order
of magnitude less than that of the less highly charged ions. Because
the =x-axis is plotted in terms of kinmetic enérgy per unit charge, a
plot of this data as a function of true kinetic energy would show each
of the curves for increasing charge state shifted to successively
higher energies. Although this graph does not reflect the different
efficiencies with which the detector records the various ion charge
states, detailed calibration would not be expected to change the
qualitative nature of the curves. Using estimated sensitivities it can
be calculated that 103 to 105 ions per pulse enter the detector.
The bandwidth of the energy analyzer is a linear function of
the selected energy, i.e. the range of energies passed by the emergy
selector is a constant fraction of the central, selected energy. The
dependence of the measured relative intensity (as shown in Fig. 3.A.3)
on the bandwidth can be removed by dividing the intensity by the energy.
The result is a true distribution of the relative intensity of the source
output per unit of energy per unit charge and is shown in Fig. 3.A.4.
Note that the distributions in Fig. 3.A.4 peak toward zero energy.
Acceleration of all ions to a higher energy, with subsequent selection
of ions in an energy band that is a fraction of the higher energy, |

increases the intensity of useable ion output. Therefore, the wide

spread in the energy of the output is less restrictive at high energies
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if the required energy bandwidth is a fraction of the central,
selected energy.

The measurements shown in Figs. 3.A.3 and 3.A.4 were made with
the main capacitor charge to minus 10 KV. Subsequent to these measure-
ments the triggering circuit was modified to that showﬁ in Fig. 3.A.1.
The improved circuit would also trigger the main capacitor when it was
charged to a positive voltage. The mode with the main capacitor
positively charged seemed to give a more reliable ion output and was
used for the measurements in the collision experiment.

In the collision experiment the desired ion species and its
energy is selected by a double-focusing mass spectrometer (cf. Chap. 4.A).
Fig. 3.A.5 shows the relative location of the source, the drift region,
the acceleration region, and the first slit of the mass spectrometer.
The accelerating voltage used to obtain higher ion energies is about
50 to 100 volts less than the desired ion energy. The useable output
is a maximum in the approximate range of energy per unit of charge of
1 kev to 6 kev; it is small at higher energies perhaps due to defocusing
in the accelerating region, and also smaller at lower energies because
of the relatively wider spread in the energy of the ion source output.

Thousands of discharges can be made without severe erosion
qf the electrodes. Most erosion that does occur is from the central
eleCtrode;Whiéh occésioﬁally mﬁst bé rgplaced: Usually,the life of the
source between cleanings is 1iﬁite& by a unifo?m coating of graphite
that is deposited on the insulator behind the first washer (trigger

electrode). Eventually, the trigger breakdown occurs along this coating
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on the iﬂsulator, gnd then cleaning is required. The groove around the
inside of the insulator increases the time between»cleaninés.

During preliminary studies with the present source,lcopper—
clad graphite electrodes were used, and output peaks identified as
copper ions were observed. 1In principal, any conductive material
that can be formed into electrodes should be suitable for production
of ions.in various charge states; a large number of ion species that
were previously inaccessible should be available for experimental

measurements.

B. Use with a Collision Experiment

The use of a pulsed-discharge ion source to produce ions for
measurement of collision cross sections poses a number of experimental
problems that are essentially problems of ion detecting and signal
recording. Thevcharacteriétics of the source that cause the main
difficulties are: short duration of the ion output (low average output),
large variation of the output from pulse to pulse, neutral gas output,
and generation of radio frequency noise. A coordinated design of the
source, detectors, and recorders has made these measurements possible.

Each pulse of the ion source is sufficient to make an exper-
imental measurement if each of the measured quantities represents a
statistically significant number of events. Otherwise, these quantities
must be summed (before or after recording) over a sufficiently large
number of pulses of the ion source. Typically, for electron capture

with normal target density and single collision conditions of order
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one in 102 projectile ions captures an electron. Therefore, the
total number of incident ions must be at least of order 5 X 104 for
a meaningful measurement. The design of an ion detector that has a
range of measurement of from one iénper pulse to of order 105 ions
per pulse is described in Chap. 4.E and App. A.

The variation in output of the source from pulse to pulse
is more than an order of magnitude; therefore, each of the quantities
must be measured for each pulse. For the measurements of total cross
section in this experiment the problem of variable output is overcome
by using a detector and a recorder for each of the two charge states
measured (e.g. simultaneous measurement of both C4+ and C3+) .

The output of each detector is recorded on a gated, peak—~reading, memory
voltmeter. Each voltmeter is gated to measure the height of the signal
that occurs when the ions arrive at the detector; spurious signals or

r — f noise from the electrical discharge of the source outside this
time interval are partially avoided by the gating; and the height of the
signal is related to the number of ions as described in App. A. The
methods of data recording and analysis that are used to obtain statis-—
tically significant measurements are described in Chap. 5.

Careful consideration must be given to the design or isolation
of electronic circuits used with a pulsed-discharge ion source in order
to avoid the problem of r - f interference. The r - f noise
generated by the discharge is partially isolated from the detectors by
the insulator between the ion source and the accelerating section
(cf. Fig. 3.A.4), and the voltage supplies for the source are physically

separated from the other equipment. The voltage supplies on the
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detectors, the mass'spectrometer, and the 45° separator ﬁere modified
. to prevent the r - £ pickup from causing a momentary loss of regula-
tion, The r - £ pickup in the detector circuits was reduced to

a sufficiently low level to avoid erroneous signals.

The quantity of neutral gas output is reduce& by differential
pumping and by baffles on the source section. Also, since the neutral
gas travels slower than the ions and the pulse of ions is of short
duration, the neutral gas emerges from the mass spectrometer after the
ions, and so does not affect the results of the collision measurements.

Measurements of such quantities as a beam profile, mass
spectrometer resolution, detectorvcalibration factors; and differential
cross sections, for which it is difficult or impossible to measure all
the required quantities for each pulse, would require a large number of
pulses to average over the variable output and/or an elaborate measure-
ment scheme. For this reason, performance tests and calibrations of
the associated experimental equipment are made with the constant output
of an electron-impact ion source.

The advantage of the pulsed-discharge ion source is that it
can produce ions previously unavailable for collision measurements.
However, even simple collision measurements are difficult to make

with this source.
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CHAPTER IV
THE APPARATUS

The basic components of the apparatus, shown in Figs. 4.1
and 4.2 ,are: an ion source, a mass spectrometer, a gas cell and pressure
gauges, moveable post~collision slits, a post-collision charge
separator and the ion detectors. Ions are pfoduced in the source,
selected according to energy, mass and charge state and formed into a
beam; then they collide with neutral atoms in the gas cell. After
collision, the ions can be selected by direction with moveable slits
and separated by charge state with an electrostatic field. Finally,
the ions are detected in the form of an electronic signal from one of
the secondary-emission ion detectors. The ion source was described in
the previous chapter, and the other components are described in the
following sections. An electron—impact ion source with a continuous

ion output was used for the operational tests of the various components.

A. Mass Spectrometer

The double-focusing mass spectrometer selects one species
(mass per unit charge) with an energy per unit charge range of about
four percent. This instrument has been designed39 according to the
ion-optic equations derived by Mattauch and Herzog40. The proper slit
positions to obtain optimum resolution were determined by an empirical
investigation of the directional focusing properties. A maximum

resolution of about 1000 has been achieved. Precision machining was
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DOUBLE-FOCUSING
MASS SPECTROMETER

®B
’ {
TYPICAL PROCESS: </ ‘L SOURCE
C** + HE —>C®* + HE* + AE i / '
[ N '
‘ E
SELECTED SPECIES CAS K
WITH A PARTICULAR _ A\ o+ ,
ENERGY ~Z
NEUTRAL HELIUM —— _MOVEABLE
CONTAINED IN”A GAS : \»\/,7 SLITS
CELL

X
PRESSURE
GAUGES 7 E
UNCHANGED
PROJECTILE 1ON
+ VACUUM

CHARGE MODIFIED PUMP

PRGJECTILE ION —
C4+
5° ENERGY/CHARGE

SEPARATOR

DUAL
SECONDARY

EMISSION c3*
DETECTORS ]

Fig. 4.1. Apparatus for Measurement of Electron Capture Cross
Sections for Multiply-Charged Ions.
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Fig. 4.2. Photograph of Apparatus for Multiply-Charged Ion Experiment,
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used for accurate alignment of the slits and of the fields. A four-
inch diameter magnet41 with a field-regulated power supply provides a
precise and well controlled magnetic field.

The precision alignment, which is continued through the gas
cell, and the directional focusing properties of the ﬁass spectrometer
eliminate the need for a number of lenses and alighment plates usually
used in an ion beam apparatus. This is especially important for satis-
factory operation with a pulsed source; adjusting a number of voltages to
tune for a peak would be very difficult because the pulsed output is
variable. Here the magnetic and electric fields can be readily preset
for a given mass peak at a given energy.

The operation of the mass spectrometer is illustrated in
Fig. 4.A.1. Shown is the mass spectrum of triply-ionized Krypton from
a d.c. electron bombardment jon source. The resolution is sufficient
to resolve the triply-ionized mass 84 isotope of Krypton from the
molecular nitrogen ion, both at mass 28. Their mass difference is
1 part in 780. With this high resolution it is possible, for example,
to use the isotope Krgz at mass per unit charge equal to 28.6 for
collision measurements and to avoid contamination of the triply-
charged Krypton beam by other mass 28 particles. For the cross
gection measurement of multiply-charged carbon, the slits were
ﬁidened, changing the resolution to 1 part per 100 to increase the
intensity of the desired ion flux while maintaining sufficient

energy and mass resolution.

62



— S
B ————— g SR T RTEITY
o o .. §e i 0
ol - m .
: £ - - . - i e
i ! i ;
- e i SR
¥ i
- 4 e b i — e

0 ¢ . }
Tn!x.\ T e e T e TR o
H i I . : H

R oo b R
st i e b e l«_ JEGUIEESCHR RSO SO R S mm e
P o I ;
R L e e SR

Mass Spectrum of Triply-Ionized Krypton.
63

MASS (AMU)/UNIT CHARGE

Fig. 4.A.1.



B. <Collision Region

The collision region is formed by containing a target gas
along a portion of the path of the ion beam. The gas is contained in
a cell having an entrance slit (Sen) and an exit slit (Sex) for
passage of the ion beam and having an extension with an ionization
gauge42 for measurement of the gas density. A dontinuous inflow of
gas balances the effusion from the slits. A sliding exit slit and
a rotating slit (Srot) farther along the path of the ion beam
enable the selection of ions according to their angle of scatter in
the gas cell. The relative location of the gas cell to the mass
spectrometer (MS) and to the charge separator is shown in Fig.
4.B.1.

Rectangular slits are used in the gas cell. Circular aper-

tures would simplify the considerations of angular divergence and
scattering of the beam. However, rectangular slits are used in the
MS and circular aperatures in the gas cell would reduce the beam
flux by approximately the height to width ratio of Sen , which has
a ratio of 25.' The‘directional properties of the beam are considered
mainly for the horizontal (XZ) plane; this is justified because the
limits of allowed deviation are more restrictive in this plane for

most of the particles in the beam. The dimensions of the slits in the

collision region and the other apparatus are listed in Table 4.1.
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Table 4.1

Slit Dimensions (units of inches)

_ Distance
izzzru Location [Symbol}] Width Height| from Remarks
Last Slit
Source .5 diam
Baffle .125 .5 18
MS S1 .0248 - .250 | L44 limits o
entrance | 5, |.0102 .250 | 2.00)
inter- S .0969 .250 | 8.62 .
mediate 3 limits energy
r22.2 bandwidth
exit S4 .0161 .250 | 9.07
Gas Cell | extrance Sen .010 .250 2.50/
exit SeX 010t .040] .250
(fixed) 500 .031 for col-
exit s |.o10 250 | lision measure~
(sliding) ex . ments
rotating Srot .010 .250 | 1.000
Charge entrance | S, .553 .500 | 1.00 Grids on slits
ispara— exit S .500 .625 4.84, 9.68, |detector
r ° 14.52, or entrance
19.36

The beam is directionally focused by the MS in the XZ-plane
at the exitslit, 8, » of the MS . The slits §, and §,, define
a maximum angular divergence of the beam in the XZ-plane. The diver-
gence is expressed in terms of the half-angle (a) , which is the
déviation from a parallel position on each side of the beam. The o defined

by . s

and S in the XZ-plane is
4 ex

S, +S
4___e_n) = 0.3° (4.B.1)

Otx = tan ( 2L
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where the slit symbols also indicate their widths and where L = 2.5
inches is the distance between them. The cell length (&) is normally

0.5 inches, so that without scatter the maximum width of the beam at

S is
ex

W= Sen + 2(% tan o) (4.B.2)

where & tan o = ,0026 inches. The slits S1 and S2 at the input

of the MS also define an o s which is initially 0.5° but is
reduced by the optics of the MS to about the same value of 0.3°
at the MS exit. 1In the vertical (YZ) plane the maximum value of
the half-angle, oy = .65° , 1is determined by the height of slit §
on the MS , by the height of slit Sen on the cell, and by the

1

distance between them.

The gas cell is precisely aligned with the MS by a projec-
tion of the cell that fits into a groove of the MS (see Fig. 4.B.1)
and is clamped in position. The MS slit, S4 , also fits into this
groove, The slits of the cell were machined in plates with two holes
through which slide precision rods  that were installed in the cell
parallel to the beam. One of these round rods is machined to the cross
sectional shape of a diamond with two of its opposing points rounded.
The slit plates slide with a close fit on the round rod; the diamond-
shaped rod through the other hole prevents rotation about the round
rod. The slits are precisely machined in the slit plates with respect
to the rod holes. Therefore, when the slit plates are placed on the

cell body, the slits are aligned with the MS slit, S4 , and with
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each other to a typical accuracy of 1 or 2 thousandths of an igch.
Typical machining tolerances are given in ten-thousandths of’an 1ﬁch. Viton
0-ring seals are used between the slit plates and the cell body. An
extension block with an additional O—rihg seal can be installed on the
rods between the Sen plate and the cell body, therebykincreasing the

cell length.

The Widths 6f the beam in the XZ-plane at the cell exit and
at the rotating slit, Srot ,» were measured by moving the respeétive
slits to measure a slit-beam profile. The sliding Sex moves perpen-
dicular to the beam in a close-fitting groove. The Srot rotates
around an axis through the center of the cell. The centerline through
the two moving slits,for small angles from the beam direction,is
approximately the' same as the line through SeX and its axis of rota-
tion, differing by only 0.46° at 20° from the beam direction.

Thus, the sliding Sex is a close approximation to a rotating slit

at the same position for small angles of rotationm.

The Srot is fixed on a rotating platform that is driven from
outside the vacuum chamber by a linear motion feed-through calibrated
in units of .001 inch. A pin on the line between the point of rotation

and the center of the Sro engages a groove in the sliding Sex .

t
The range of angles of the centerline of the slits is limited to 5°
to one side of the beam and 30° to the other side.

The slit-beam profiles are shown in Fig. 4.B.2. If a slit

is moved across a beam of uniform density the profile is in general a

trapezoid. The width of the trapezoid at 1/2 maximum is equal to the
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width of the slit or the width of the beam, whichever is greater. The
profile is triangular if the Width of the beam is equal to the width of
the slit. The slits, Sen > Sy and Srot were all .010 wide for the
profiles of Fig. 4.B.2. The wider profile was made with Srot removed
and is the profile at the sliding Sex , Where 1° of rotation.
corresponds to- .0060 inches of linear motion perpendicular to the

beam. The width of the beam at the cell exit is deduced to be .012
inches. The narrower profile was made with both slits installed and is
primarily a measure of the slit-beam profile at Sro . The width

t

of the beam at Srot is deduced to be .015 inches using the relation
of 1° of rotation equals .00219 inches of linear motion. These
values of the beam width indicate a 1/2 angle divergence of about 0.15°
or about a half of that given by Eq. 4.B.1. Therefore, in the XZ
plane the beam is very nearly parallel. The beam input into the MS
from the ion source is believed to be more divergent than o = .3°
and, therefore, the beam is restricted in angle by the slits of the MS
and by Sen of the gas cell, as designed.

Data on the elastic scattering of the ion beam and on
the inelastic scattering with electron capture obtained with these
moveable slits are presented in Chapter 5. The data does not give a
differential cross section directly, and it could only be related
to a differential cross section by a very complicated form factor43
However, these measurements of the angular scattering indicate the

approximate angle‘inside of which all particles must be measured

to obtain a total cross section.
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The maximum angle, em s, through which a particle can
scatter in the XZ-plane inside the cell and still pass through the
exit slit is restricted by the width of the exit slit. The value
of 6m depends upon the X-position in the beam and upon the distance
2 from the exit slit of the origin of the scattering. The angle,
em , 1is plotted as a function of & for three X-positions in the
beam in Fig. 4.B.3 for the values of Sen = .010 and Sex = .031 wused

for the collision measurements.

LOR

8., (DEGREES)

0 1 1 1 1 I 1 ] 1 i 1
0] .50 1.00

£ (INCHES)

Fig. 4.B.3. Maximum Angle Ion Can Scatter in Gas Cell and Pass
Through Exit Slit. (Shown as a function of point of
scattering).



The beam is assumed to be parallel at Sen . Curve 0 1is for scatte
from the center of the beam, curve L is for sca£ter from either si
of the beam away from the beam in the X-direction, and curve R is
for scatter from either side of the beam through the beam to the
opposite side. Particles that scatter out of the XZ-plane through
angles larger than em might also pass through the exit slit. The
minimum value of em for the value 2 = 1/2 that is used for the

collision measurements is egln = 1° as can be seen in Fig. 4.B.3.

r

de

less than 1° exit the céll as do many particles that scatter throug

larger angles. An additional upper limit is placed on the maximum
scattering angle by the collection angle of the post-collision
separator and detector system, as described in the next section.
Effusion through the slits of the cell limits the pressure
ratio that can be maintained in the cell relative to the pressure in
the surrounding vacuum chamber. The pressure ratio maintained is a
function of the total slit area and the pumping speed on the main
chamber. The pumping speed required to maintain a pressure ratio of

P/Po (ratio inside cell to vacuum chamber) is

-
s=nA=60 | 22 (liters/sec) (4.
%
P M

o
where A is the total slit area in cmz, N is the effusion rate in

number of liters at Po per cm2 per sec, and M is the atomic mas

of the target gas. A pumping speed of S = 200 &/sec 1is required to
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maintain a pressure ratio of 100 for Helium and fo; the slit sizes of
Sen = .010 and Sax = .031 which are .250 high (units in inches).

The fraction of projectile ions that capture an electron is
a function of the target gas density, the cell length and the cross
section as given by Eq. 5.A.5. The fraction is .0125 for the typical
values of o0 = 3 A°2 , P = 10—3 torr, and cell length of & = .5
inches, demonstrating that the chosen length of & = .5 inches permits
operation under single-collision conditions with several per cent of
the particles undergoing electron capture at reasonable gas pressures.

‘The effective length of the target gas is actually greater
than the cell length because the effusing gas causes a considerable gas
density to exist in the region just outside the slits. Since the cell
length is relatively short, this end effect is appreciable and is
corrected for in a manner described in chapter 5.C.

The fléw of gas into the cell is controlled by a precision
leak valve41 outside of the vacuum chamber at the end of a long 1/2
inch diameter tube connected to the gas cell. Another tube, connected
to the cell at right angles to the first, leads to a closed volume
containing the ionization pressure gauge. The arrangement is shown
schematically in Fig. 4.B.4. A capacitance manometer44 is used to

calibrate the ionization gauge for the various gases as described

in chapter 5.D.
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C. 'Post—Collision Charge Separator

The ions in the beam are separated according to their charge,
Z , after collision,by a 45° electrostatic analyzer45 that has first
order directional focusing in the horizontal (XZ) plane (Z is the
beam direction). The beam enters the electric field at an angle of
45° and follows a parabolic path in the constant electric field (see
Fig. 4.B.1) according to its energy per unit charge. If the electric
field has no component perpendicular to the XZ-plane, the velocity
component of the particles is unchanged in the vertical plane. A
converging effect in the vertical direction was added by placing hori-
zontal plates above and below the separator at the same electrostatic
potential as the end vertical plate of the separator. The electric
field is then slightly concave toward the separator entrance and exit,
and the field is more concave at the peak of the parabola. A test of
this operation is described below.

The height of the vertical plates that form the electric
field is 3.0 inches, which is about 12 times the height of the beam.
The distance (d) between the entrance of the separator and the end
plate is d = 3.0 inchesﬁluThe three intermediate plates are at the
appropriate potentials to maintain a linear field. The intermediate
plates have rectangular ﬁoles that are 1.62 inches high and have a
length as shown in Fig. 4.B.1.

The detectors are mounted directly at the exit of the separ-

ator with a fixed distance between them. The separator-detector

assembly can be positioned to accept the beam at each of the three
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Sin

Fig. 4.C.1. Paths of Ions in 45° Charge Separator.
: (Shown schematically with notation).
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entrances so that particles with the charge ratios of 1:2, 2:3, or
3:4 respectively enter the detectors. The entrance slits are covered
by a 95 percent transparent tungsten grid that practically eliminates
the fringing field at the slit. The divergence of the beam caused by
the fringing field from an uncovered slit was particularly severe in
the vertical plane; tests of this are described below.

The equations that described the operation of the analyzer
are summarized here., The distance, x , between the entrance point
and the exit point is given by

X = cos 2d (4.C.1)

45
where o is the angle between the actual line of entrance to the
separator and the line of entrance, which is at an angle of 45° to the
electric field (see Fig. 4.C.1). The distance X5 is the maximum
value of x , which occurs for o =0 (6 = 45°). The directional
focusing of the exit is first order in o as can be seen from the

expansion of the cosine in Eq. 4.C.1.

2 2u4
= - = = .. . .C.2
P x45(1 20" + 3 ) (4 )
The peak "height" of the parabola is
X
yp = —25— (1 + sin 20) (4.C.3)
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and the required voltage on the last separator plate is

%) (4.C.4)

where d was defined and E/Z 1is the kinetic energy per unit charge.
The value of X5 is the distance between the center line of the

entrance slit and the center line of the exit slit. 1In this design,

X5 is in multiples of 2.386 inches,

X5 = (2.386)n (4.C.4)
where n =1, 2, 3, or 4. The separator voltage, VSep , that is
theoretically required is

_ 2,515

Vsep i — (E/2) . (4.C.5)

The bandwidth of the energies of particles that can leave the separator
from a beam that is narrow and parallel at the entrance is
100 So 21.0

B = = percent (4.C.6)
X5 n

where So is the width of the separator exit slit and So = .55 inches.
The maximum angle through which a particle can be scattered

in the cell and pass through the separator and into the detector is

considered here, by deriving the dgviations in the XZ-plane of the

points at which the particle enters and exits the separator from the

78



corresponding points for no scattering (o = 0) . For a given maximum

scattering angle, o , 1in the XZ plane and for a point £ inside
the gas cell (see Fig. 4.C.1l), there is a spread of the beam at the
entrance slit, Sin , and at the exit slit, So » of the separator.

The initial width of the beam is neglected. The deviations as a

function of o at S are
in
+ T tan 4
o= L+ ) VT g (4.C.7)
and the total spread at Sin is
Ungp =8 +u . (4.C.8)
The deviations at So are the sum of the deviation at Sin and the
deviation of the trajectory in the electric field because a is
nonzero, i.e.
% £
AXT = u‘j:x45(l - cos 20) (4.C.9)
The total spread at So is
A% = AXT F AX = u. . (4.C.10)
TOT TOT

Thus, the spread at So is equal to the spread at Sin . The middle

of the spread at §S is displaced by

in
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- . u ,- u ' f 'r‘\ ‘
Auo -————-————-2 . (4.C. 11)
and at S0 is displaced by
+ -—
_ A o-Ax .
Axo = = Au0 + Axa (4.C.12)
where Axa = x45(1 - cos 20) . Values of these quantities are listed
in Table 4.2.
Table 4.2.

Beam Spread at Separator Exit as Function of Scattering Angle

(units are inches)

Displacement
o Total Spread of Middle of szzad _ X
(degrees) X 0= U Au Ax o &% px
. TOT TOT o] n=4 | n=4 =4
2=0 2=.51] 2=1 2=.5 | n=4 L=.5] &=, =,5
.5 .049 | .062 | .074 | -.0003| .0015 | .0012| .030| .032
1 .099 | .124 | .148 | ~.0011{ .0058 | .0047 | .057} .067
1.5 .148 |1 .185 | .222 | -.0025} .0131 | .0106 .0821] .103

.198 | .247 | .297 .0043| .0233 | .0190 | .105| .143
.297 | .372 | .446 | -.0097| .0523 | .0426 | .143| .228
3.5 .347 | .434 | .521 | -.0133] .0711 | .0578 | .159| .275
.398 | .497 | .596 | -.0174] .0927 | .0753 | .173]| .324
499 | 623 ) .748 | -.0273] .1447 | L1174 | .194 ) .429
.601 | .752 | .902 | -.0395} .2081 | .1686 | .207| .544

If the path of a particle that is not scattered were through

the center of S and So , a particle that is scattered at the cell

in

entrance through an angle o < 3.2° would also enter the detector,
S .
since Axi < §g-= .250 . However, the spread at So caused by the
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range of energies of the particles in the beam must also be considered,

and this spread is given by (using Eq. 4.C.6)

.. Bx
_’ 45
AxE = oo - (4.C.13)

The range of energies in the beam is limited to 4 percent by the MS.

The spread for B8 =4 is AxE = .382 at the n = 4 position and

AxE = .,286 at the n = 3 position; therefore, the limit on the

scatter in the XZ plane at the cell entrance is about 1° for the

n =4 position and is about 1.7° for the n = 3 position. Most of

the particles that scatter less than 1° are detected, and many that

scatter to larger angles are also detected. The restriction on the
angle is less severe for the smaller =n positions.

A test of the focusing effect (in the YZ-plane) of the
plates that were added above and below the separator was made. Without
the grid on Sin , some of the beam diverged to large vertical angles
causing 30 percent fewer particles to be measured by detector, B , at
the n =4 position than by detector, A , at the n =3 position.
Adding the plates counteracted the effect of the divergence so that 8
percent more were measured in B than in A , indicating that the
focusing is more effective for the n = 4 position. With the grid on
'S, , the same number of particles were measured in each detector when

in

the beam was restricted to the top portion of its height at Srot
(i.e. more particles with larger angles) as when it was unrestricted.
The actual limit on scattering in the YZ-plane was not determined, but

is estimated to be 1°.
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The actual required separator voltage, Vsep s was determined
by measuring slit-beam profiles at each of the detectors for each of
the three positions of the detector-separator and for beam energies of
100 ev and 1000 ev . Two of the twelve profiles are shown in Figs.
4.C.2 and 4.C.3. The width at 1/2 max is a measure of g . The values
of g derived from these 1/2 widths agree with the values given by Eq.
4.C.6 to an accuracy of 8 percent. The center point voltages measured
are all within several precent of each other. A slightly larger center
point voltage was measured for the n = 4 position into detector B .
This position requires a more accurate setting because its energy
bandwidth is the narrowest (Eq. 4.C.6). Therefore, the value chosen
for the constant in Eq. 4.C.5 1is the one which best fits the center

point for the n = 4 position. The required separator voltage is thus

_ 2,575
sep n

<
|

(E/Z) (4.C.5)

where the constant is 2 percent larger than the theoretical wvalue and
less than 1 percent larger than the measured value for the n = 3
position (with particles entering detector A). Since the energy
bandwidth for the n = 3 position is 1.8 percent larger than that for
the n = 4 position, the setting given by Eq. 4. C.5 1is satisfactory
for both detectors.

The separator voltages for the collision measurements are set
at the values given by Eq. 4.C.5. For the measurement of 93 the

detector-separator assembly is placed in the 3-4 position (beam entrance
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into the outermost Sin), so that Z = 4 particles enter the closest

detector (A) and z = 3 particles enter the other detector () .

D. Ion Detectors

The general requirement of an ion detection system is that it
measure either relatively or absolutely a quantity of ions and record
the measurement as a function of the various parameters of the experi-
ment. The requirement is divided inte categories according to the rate
of arrival of the ions at the detector. 7If the rate is sufficiently
high (= 106/sec) and approximately constant for averaging times of
order of seconds, then a Faraday cage and an electrometer is a suitable
detector. For lower average rates (from several per second to 107/sec)v
the effect of each individual ion can be amplified and counted. However,
the pulsed output of the pulsed-discharge ion source has a high rate
for a very short period of time, and the detectors must operate with a
low average but high instantaneous ion input.

The problem of absolute measurement of a number of ions is
avoided in this experiment because the required quantity to be measured
is the number of ions in one detector relative to the number in another
detector. Therefore, only a relative calibration of the detectors is
required, and the accuraey of the required ratio is equal to the
accuracy of relative calibration. However, the detectors must operate
over a range of ion inputs greater than the ratio of the number of
ions in the respective channels.

The system for ion detection consists of two Daly-type,

secondary-emission detectors, designed to operate in either a pulsed
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mode or a counting mode and appropriate recorders for each mode. The
pulsed mode is designed to measure ions that arrive in a period of
several wusecs. This mode uses a signal from the ninth dynode of the
photomultiplier of the detector. The decay time of this dynode signal
is long compared to the arrival period of the ions; so that the height of the
signal is proportional to the total number of ions in a pulse. The dynode
signal is amplified and recorded on a gated, peak-reading memory voltmeter.
The counting mode is designed to measure ions that arrive
randomly at continuous, average rates up to about 3 X 107 per sec.
Each individual ion produces a fast anode signal that is counted by a
100 mc. pulse counter. At higher rates the individual pulses pile-up
and the counting efficiency decreases.
The simultaneous anode and dynode signals caused by a pulse
of about 104 carbon (4+) ions are shown in Fig. 4.D.1. The rise of
the dynode signal represents the arrival of the ions in the detectors.
The steps on the rising portion of the dynode signal indicate that the
ions arrived in several bursts. The individual fast pulses cannot be
distinguished on this time scale and actually most pulses were piled-up.
The dynode signal is in effect an integral of the individual
dynode ion signals which can be observed for very low ion fluxes (Vv 103/sec).
The integrated, dynode signal must be calibrated to relate it to the total
number of ions. The calibration can be accomplished by using the double
output provided from the dynode and the anode to measure the mean dynode

pulse height in a manner described in App. A, and has an estimated

absolute accuracy of +35%7 and a relative (one detector to another)
accuracy of %7%. A detailed description of the detectors is given in

App. A.
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approximately 104 carbon (4+) ioms).
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E. Vacuum System

The essential requirements of the vacuum system are: 1) that
it have a low ultimate base pressure relative to the pressure to be used
in the gas cell, 2) that the gas handling capacity be sufficient to
maintain the required pressure differential across the slits of the gas
cell. Vacuum technology has progressed to the point where it is
possible to obtain low pressures with off—the—shelf items and standard
techniques, so a detailed description of the wvacuum equipment is not
necessary.

The general approach was to use stainless steel for the chamber
and where possible for the internal components. Organic and other
materials with high outgassing rates were avoided. Most of the vacuum
seals were made with metal gaskets, except that Viton-A O-rings were
used in the roughing valve seat, in the main chamber valve, for seals
on the slits of the gas cell, and for the seal around the scintillator
of the detectors. The 25-inch diameter seal on the cover of the main
chamber was designed for either a Viton O~ring or an aluminum wire
gasket; the unbaked base pressure was about a factor of 5 lower when the
metal gasket was used. The main vacuum pump was a 6-inch, ultra-high
vacuum, diffusion pump system manufactured by Consolidated Vacuum Corp.
The pump was trapped by a water—cooled baffle and a bakeable sorbent
trap. The plateau pumping speed of the system is approiimately
400 liters/sec. Silicone DC-~705 pump oil was used, and the foreline
and roughing line each contained a sorbent trap. A 30 liter/sec iom

pump was used to diffentially pump the pulsed ion source.
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The chamber was bakeable and initially a base pressure of
10—9 torr was obtained with the chamber empty. Some of the components
of the experiment were not bakeable: the scintillator, the photo tube
and some of the precision machined parts. The ultimgte, unbaked base
pressure with the components installed was about 10'-8 torr. When the
collision measurements were made, the base pressure with the gas cell

valve closed was typically 5 x 10—8 torr.
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CHAPTER V
EXPERIMENTAL PROCEDURE

The experimental procedure for measuring the total cross
section for single-electron capture is described;in this chapter. The
general method was described in chapter 1.B, and the design and opera-
tion of the components of the apparatus were described in chapters 3
and 4. This chapter contains descriptions of the procedures for taking
data, of the analysis of the data, calibrations of the instruments, of
the tests of the system, and an estimation of the accuracy of the
measurements. Angular scattering measurements for several processes

are included.

A. Total Cross Section

The attenuation of the initial component of the beam as it

passes through a gas is given by

dl

i 1 ON- (5.A.1)
where I is the beam intensity (or flux) at a distance x from where
the intensity was Io , 0 1is the cross section for an encounter with

a target particle (gas atom) resulting in a change of the projectile
particle, and N is the number of targets per unit volume. There are

two types of complications: 1) the primary component may change

directly to other than one secondary component, and 2) cascades may
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occur from one secondary component to another and to the primary
component if multiple collisions take place. The general consideration
of all the possible processes requires a set of coupled equations
involving the cross sections for all of the processes. For a given
path length in the target gas, the single collision terms are propor-
tional to the density of the target gas,and the multiple collision
terms are proportional to higher powers of thé gas density. The
second of th above complications is usually eliminated by maintaining
a sufficiently low target density so that single collisions predominate.
Measurements at higher densities for which multiple collisions are
probable have been made by others (e.g. Ref.47).

The cross section for the process in which the initial (i)

component changes only to the j component is

1 I.()
Gij = 'ﬁ'ﬁln —J———IO (5.A.2)

where Ij is the intensity of the j component at x =2 and

Io = Ii(z) + I,(8) (5.A.3)

3

If there are other possible components, k, the Eq. 5.A.2 is a good

approximation provided

I, n () << I . (5.A.4)
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The Eq. 5.A.2 with the logarithm expanded is

2 3

(IO) + 3 (I) + ...} (5.A.5)

Nof

I
02y _ 120 )73
o3 A7) = P(u)Min.){Io * o

.

which is walid even for large values of Ij if all Ik << Ij and

the cross section from j to other states is small. Usually, only the
linear term is significant unless Ij/Io 2 .1 . The gas density was
expressed in Eq. 5.A.5 as a function of the gas pressure at room

temperature.

The laboratory data is taken to obtain the ratio W,

2 3
I, l I. 1 I,
W = —_ + —2- (—-—J—I +I,> -+ "3- (-_LI.'*'I,) (5.A.6)
i7j i7]
as a function of the gas pressure, p . The length, £ , of the gas
targét is the physical length of the gas cell plus the end correction
described in section C. A statistically valid measurement of W is
readily obtained by counting (for 1 — 10 sec) the ions in each component
when the ion current is from the continuous output of the electron
s R 2+ 3+ .
impact ion source used for the C and the Kr cross section
measurements. However, one pulse at the pulsed-discharge ion source
that is used for C4+ is usually not sufficient to obtain a good measure
of W . Variations in the measured values of W occur because the
number of particles, n , in the intensity, I, , of the secondary

3

component is usually statistically small and because the density of the

target gas may fluctuate from pulse to pulse. The expected error48
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in the ratio measured for one pulse yielding n product ions is

100 %
/a

E < (5.A.7)
with a probability of .68 (one standard deviation). Therefore, if

there are n = 100 particles in Ij “the measured value of W is

within 107 of the actual value of W with a prébability of .68 (or
within 207 with a probability of .95, etc.). When K measurements of

W are made for K pulses of the ion source and averaged

K
(WBAR = Z Wi/K) , the fractional standard deviation49

1
mean (WBAR) is

of the measured

N
L (W, - WBAR)

SIG WBAR = FE=D

100 ;
(WBAR) percent (5.A.8)

which decreases as the number of measurements, K . The actual value

of W is within the range, d + SIG WBAR , with a probability

wﬁxeasure
of .68.

Usually, 20 measurements were made at each of J = 5 walues
of the pressure. The datavwere recorded on a key punch format, and
the entire data analysis was made with a computer routine. The values
of the standard deviation of the mean, WBAR , were typically 7 per-
cent at each pressure point and were smaller at the larger pressures.
A leést squares linear curve fit of WBAR as a function of pressure

was made with each point weighted in inverse proportion to the value of

WBAR . This weighting tended to force the curve through the value of
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the base pressure. The weighted fit considers the square of the devia-
tion of each point from the computed curve relative to the value of
the point, i.e. a fractional rather than an absolute deviation. The

formula for the slope of the weighted fit is

SV. SVXY - SVX.SVY

SLOPE = 5 (5.A.9a)
SV« SVXX' - (SVX)
and the Y-intercept is
¢ = SVY - SLOPE-SVX (5.4.9b)
SV
where the weights of the Ith pressure point are
l .
V(1) = e (5.4.9¢)
WBAR(I) ) VAR (D)
are defined so that
SV=) V() =1J
and where
SVX = ) V(I) - P(I)
SVY = } V(I) « WBAR(I)
SVXY = ) V(I) + P(I) - WBAR(I)
SVXX = } V(I) - B(I) - P(D)
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and the summations are over the values of I =1 to I=J . The
computed curves of WBAR versus pressure are plotted in Fig. 5.A.1.
for two values of the energy and for the 0,3 cross section of

CA+ + He . The error bars are at plus and minus SIGWBAR(I) of each
WBAR(I) , and the averages of the SIGWBAR(I) over each set of 5
points are shown. The distributions of the W's are given in the
histograms of Fig. 5.A.2 for each of the pressuré points.

A measure of the linear curve fit is the standard deviation

of the slope,

%
SIGSLOPE = SVDIDY /_100 percent (5.A.10a)
(SVX)2 \Slope
(J-2) « (SVXX - "é'—'")
v
where
_ SVDYDY B ) V(I) « {WBAR(I) - P(I) . SLOPE - ¢y’ (5.A.10Db)

The quantity SIGSLOPE includes a measure of the inaccuracy of the fit
caused by the deviations of the values of the measured WBAR(I) from

the true mean values, and a measure of the non-linearity, if any, of the
curve through the true mean values. The values of the standard deviation
of the slope, SIGSLOFE, - are usually about the same as the value of

the average SIGWBAR(I) , or slightly less. A computer print out is
made of all the quantities for each energy point at which data is
recorded. The cross sections are given as a function of energy in

chapter 6 with error bars representing the standard deviations of the
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Fig. 5.A.1. Ratio of Secondary Component to Incident Flux.
(Showing standard deviation of the mean at each pressure
point).
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slope, SIGSLOPE. Curve fits for the C4+ cross section data are
made to various power of the velbcity with an Omnitab65 computer

program.

B. Angular Scattering Measurements

Angular scaftering measurements héve been made for several

- processes and are shown in Figs. 5.B.1, 5.B.2 and 5.B.3. These
measurements indicate the relative amounts of elastic scattering and
inelastic scattering with electron capture. The acceptance angle of

the moveable slits is relatively wide as indicated by W%max (cf. chapter
4.C). The profiies indicate that most of the collision products are
scattered in the forward direction in the laboratory. The scattering

is to smaller laboratory angles for Kr-3+ + He than it is for

C2+ + Ar , partly because of the different factors for the center of

mass to laboratory transformation of the angles. The CZ+ + Ar
results indicate more scattering to larger angles at the lower energy
as might be expected. The C2+ + Ar results at 1000 ev ére also
shown in Fig. 5.B.4 on a linear scale.

Measurements of the single-electron capture cross section
for C2+ + Ar have been made for three different restrictions on the
éngle that a particle can scatter_and still leave the collision region
(see chapter 4.C). These results are shown in Fig. 5.B.5. The

measured cross sections are several per cent less when the width,

Sex of the cell exit is restricted to .010 inch compared to the
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measured cross sections when the cell exit is .031 inch wide
(rotating slit not installed). When the angle of allowed scatter is
more severely restricted by adding the rotating slit, there is a
significant change in the measured cross section. Thgse results
indicate that the collection of scattered particles, using Sex = ,031

inch, is satisfactofy for the measurement of the’ C2+ -+

Ar cross
.section.

A series of cross—-section measurements, similar to those of
Fig. 5.B.5, for C°T + Ne with S, = -020 , .013, and .040
give a set of three nearly parallel curves for the cross section in the
energy range of 500 ev to 2000 ev. The measured cross section
increases about 3 per cent for each .010 inch of slit width. A slight
increase is expected because of the increased end effect, caused by

effusion from the larger slits. Measurement of the total correction

for the end effgct with Sex = ,031 is described in the next section.

C. Gas Cell End Correction

The effusion of the target gas through the entrance and
exit slits of the gas cell causes the effective length of the target to
be longer than the physical length () of the cell. Expressing this

end effect as an additive factor to % , gives
L = % (cell) + ls (5.C.1)
where

102



0> (RELATIVE UNITS)

c%*+ ARGON
e Sexit =.03! INCH
X Sexit=.0l10 INCH

. { Sexit =.010 INCH
Srot =.010 INCH

Sen Sexit (Srof)

[T

|
£
T
[T |
0I0 .03l
(.010) (.010)
| ] ] 1 ]
20 40 60 80 100
172 172

Fig. 5.B.5. Measured Cross Sections for Several Widths of Gas
Cell Exit Slit.

103



L = '
s ILen(sen) + Qex(sex) N (5.C.2)

The actual cross section is
0= o W (5.C.3)
s
where W' is the W of section A per unit of gas pressure. The

value of ls is determined by measuring W'(2) for two values of & ,

and is given by

' — !
. _.4W122.. W221
s o —‘—W—,—':‘W—i——' . (S-C-A)
2 1

Measurements of the W' quantities were made for the
processes Kr3+ + He and C2+ + Ar at two values of the length,
2 = ,500 and £ = 1.000 (inches), with the slit widths of Sen = ,010
and Sex = .031 (inches). The resulting value of QS was % < = 161
inches with an estimated accuracy of +10 percent. This value of QS
is about four times the slit width. The end correction is 32 percent
of the cell length for a length of 2 = .500 , and the accuracy in

the measurement of KS corresponds to about *3 percent accuracy in the

measured cross section.

D. System Tests and Calibdrations

Most of the operational tests of the system are described in

chapter 4 as they pertained to the design and operation of the warious
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components. A test of the effect of the fringing magnetic. field from the
mass spectrometer on the operation of the detectors is deécribed here.-
This test could not be made with an ion input to the detectors, because

a flux of iomns could not be controlled independently of the magnetic
field, B . However, a source of light from the ionization gauge of the
vacuum chamber was controlled to produce countable pulses from the
detectors. The electrostatic separator was used to prevent the many
stray ions produced by-the ionization gauge from also entering the detec-
tors. The discriminator level of the pulse counters was set to count
pulses above some minimum level. A decrease in the gain of the photo-
multiplier tubes, which are sensitive to fields of order one gauss, would
be indicated by a decrease in the count rate. The results for the larger
values of B are shown in Fig. 5.D.1. Note that the loss of counts is
approximately zero up to very large values of B . The loss of counts
begins to rise sharply above 9 kG , at which point the fringing field
also increases as evidenced by the departure from linearity of the
matnetic current versus B . The loss in detector A 1is larger than in
detector B because detector A 1is closer to the magnet. The value

of B used for the collision measurements was always less than 5 kG ,
for which the shielding of the photomultipliers is satisfactory.

In order to preset the value of the B-field in the mass
yépectrometer so that a given mass per unit charge, M , at a given
energy per unit charge, V , 1is selected, the field control upit must
be calibrated to an accuracy of several tenths of a percent, which is
small compared to the mass resolution of 1 percent. The field-regulated
control unit is calibrated by measuring the magnetic field that is

required to select a series of known masses. This procedure determines
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the constant of proportionality between the dial indicated value of B
and the value of VMV for a series of M values. A zero offset
adjustment and an adjustment of the constant of proportionality between
the dial-indicated value of B and the actual value of the B-field

permit a calibration of the control unit to the relation
B = 22.758 MV gaués. (5.D.1)

The value of the constant in Eq. 5.D.1 was determined by an initial
calibration of the B-~field versus a nuclear magnetic resonance
instrument. The relation of B to M was valid over the mass range
of 1 to 130 amu to an accuracy of 0.1 percent. The two voltage
supplies for the electric field of the mass spectrometer were calibrated
to a similar accuracy.

The peak reading memory voltmeter:ss0 have a rated accuracy of
i3'percent of the full scale reading. One meter was used for each of
the two ion detector outputs. The absolute accuracy of the two meters
was determined to be 3 percent of the true d.c. input voltage, as com—
pared to a digital voltmeter, for readings above 25 percent of full scale.
The relative accuracy of the meters in their gated, a.c. mode was compared
by feeding a 50 ﬁsec signal of variable amplitude to both detectors.
The difference between the readings on the two meters was less than 1
percent, except at the lower portion of the meter scale for which the
difference was less than 1 percent of full scale. The same comparison
of their a.c. accuracy was made with the preamplifiers in the input
circuit, in order to calibrate the preamplifiers to the same accuracy.

This a.c. calibration test was repeated at intervals through the data
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recording period. The accuracy remained constant so that a recalibra-
tion was not required. The accuracy of the measurement of the amplitude
of the detector signals for the cross section measurements is estimated
to be *3 percent.

The ionization gaugeq%sed to measure the target density in
the collision region was calibrated against a cépacitance manometer,44
as shown in Figf 4.B.4. This calibration was made daily after the
cross section measurements. Since the vacuum chamber was used for the
reference pressure of the capacitance manometer and the pressure in
the chamber increases as the gas cell pressure increases, a correction
factor dependent upon the total area of the slits of the gas cell was
determined and applied to the calibration. The capacitance manometer
was compared to a Mcleod gauge and the results of this comparison for
several gases were consistent with other resultsSl. The limits of the
accuracy of the calibrations of the ionization gauge are estimated
to be *2%.

An estimate of the combined limits of the experimental
accuracy is made here by simply summing the limits of the accuracy of
the individual components. It is assumed that all systematic errors
have been eliminated and that there is no significant loss of particles
caused by large angle scattering of the collision products. The
separate limits are: gas cell end correction, *3 percent; pressure
calibration, iZ'percent; detector gain calibration, *7 percent; and

the voltmeter—-preamplifier calibration, *3 percent. The total limit
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of accuracy is +15 percent. The combined limit is +10%Z for the
counting mode of the detector operation because the counting efficiencies
of the detectors are the same within 227 . In the pulsed mode this
limit does not include the inaccuracy of each individual measurement

as reflected by the error bars (standard deviation) on each of the
cross-section data points. These standard deviations of each point are
typically 7% and the effect of these deviations is reduced by the

number of data points taken as a function of energy.
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CHAPTER VI
RESULTS AND CONCLUSIONS

The total cross section results for single-electron capture
are presented in this chapter and are discussed in terms of the adiabatic
potential energy curves for the electronic states that are involved.

As discussed in chapter 2, previous theoretical énd experimental studies
have provided qualitative ‘information about the nature of these cross
sections. However, the completeness and accuracy of this qualitative
description is uncertain.

Each combination of projectile and target has a different set
of electronic states and crossing points. Usually, more than one pair
of states can be involved during a collision, and the interpretation
of the results is arbitrary or ambiguous if all the pertinent states
are not considered. For example, similar results might be expected for
capture of C4+ from each of Helium, Neon, and Argon if only the ground
electronic states are considered, .since the energy defects between the
initial and final ground states are 39.9 ev, 42.9 ev, and 48.7 ev,
respectively. However, the measured cross section for capture from
Argon is considerably larger than that from Helium or Neon and varies
less as a function of relative velocity.

The measured, total cross section for single-electron capture
includes possible contributions from the combined processes of single-
electron capture with target excitation or target ionization, as
discussed in chapter 1.B, in addition to the ordinary single-electron

capture contribution.
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A. Krypton (3+) on Helium

The experimental results for the total cfossMééetionvﬁor
single—electron capture of Kr3+ from Helium are given in Fig. 6.A.1.
The cross section is an increasing function of velocity in the range
of measurement, and no clear maiimum value at the cross section can be
discerned. Also shown in Fig. 6.A.1 are the previous experimental
results of Hasted and Chong16 who used the method of slow ion collec-
tion and several cross-section functions from the empirical use of the
L - Z theory as described in chapter 2.B. If the double-electron

capture cross section ) is not small, it could account for the

3
difference in the eiperimental results, since the method of slow ion
collection actually measures18 (032 + 2031) .

A comparison between the previous experimental results and
an approximate theoretical calculation18 of AUX has been made by
Hasted and Hussain18 in the manner of method 4 of chapter 2.B. They
consider capture into the ground state of Kr2+ with the projectile
Kr3+ also being in the ground state and calculate a value of
AUX = 1,17 which is compared with the expgrimentally observed16 value
of AUX = 1.65. The observed value was derived from a position of the

experimental cross section maximum. However, this observed value of

AUX = 1.65 seems to depend upon the use of {2 times the "impact energy" -+

by the reduced mass}” in the L-Z formula (Eq. 2.B.3) instead of

relative velocity as given by Eq. 2.B.7; this affects the value
P y

of the observed AU _ by a factor of (MA/M)4 = (85.9/3.82)% = 2.2,

with the observed AUX Being smaller if VppL Vere correctly used.

The parameters (AE = 11.1 ev, Rx = 5.0 a, s AUx = 1.65 ev, and
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E%ax = 1900 ev) listed by Hasted and Chong approximately satisfy
Eq. 2.B.16 if M = 3.82 1is used with EP instead of the correct
MA = 85.9.
We now consider the empirical GLZ function of Eq. 2.B.18.
Using the ground state energy defect, AE = 12.36 ev, and Z = 3 ,
we have R_= 4.54 a, from Eq. 2.B.8. The empirical curve of Fig.
2.B.1 gives AU(BX) = 1.93 ev. The ULZ function for these values
is curve A of Fig. 6.A.1 and is quite different from the experimental
curves, Using the incorrect mass in the oLZ function, or equivalently
multiplying the velocity scale by (M/MA)% = (3.82/85.9)% = ,21, gives
curve B which is similar to the experimental curves but is not correct.
An agreement could be forced by using the correct velocity
and selecting the empirical value of AU which would give curve B.
The selected value of AU would thus be AU = AU(RX)/Z.Z = .88 ev
which is closer to the calculated AU = 1.17,but the selection of an
observed AU din this manner seems somewhat arbitrary. The difficulty

of accurately choosing an observed AU according to the position of
a cross section maximum (or vice-versa) is demonstrated by the above
considerations which suggest that the interpretations and conclusions
of Hasted and co-workers concerning the applicability of the L - 2
theory be regarded with caution.

Furthermore, capture into the excited states of Kr2+ must
also be considered. The empirical GLZ function for capture into the
state that is 1.82 ev above ground is oLZ(AE = 10.55, Rx = 5.27 a»

AU(RX) = 1.25 ev) and is curve C of Fig. 6.A.1. Note that curve C is
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a better fit to the experimental results and only a small change of
AU would improve the fit, but the experimental results are probably
the sum of the capture into several states. Also, the inaccuracy of
the simple L - Z theory itself and the improved treatment by
BJS lshould be considered in any detailed comparison with theory.
Data over a wider range of velocities are required to
determine the maximum value of this cross section and its wvelocity
position. On the basis of the present knowledge, it is not possible
to define which states are involved in the capture process or to

make a more meaningful comparison between theory and experiment.
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B. Carbon (2+) on Helium, Neon and Argon

The ekperimental results for the total cross sections for
single electron capture of C2+ from Helium, Neon and Argon are shown
in Fig. 6.B.1. These results have essentially the same velocity
dependence as the previous results of Hasted and SmithSl, but the

magnitude of the cross section is approximately 50% smaller. The dif-

s

ferences in the velocity dependence among the cross sections for the
three target gases are apparent. The energy defects for all particles

in the ground state are AE, = -,204 ev , AE. = 2.82 ev and
He Ne

AEAr = 8.62 ev. The corresponding zero-order potential energy curves

for Helium do not cross, for Neon they cross at RX =9.71 a_ s and

for Argon they cross at RX = 4.14 a, .
Since the life-~time of some metastable ions is longer than
the time-of-flight, TOF , from the source to the collision region

5 6

(TOF v 100 cm/v ~ 10 ° to 10 ° sec) , it is possible that some of the

projectile ions are in excited states, such as the first excited state
2+ 3,0 . .
of C (2p P0 93 Eex = 6.49 ev). An interpretation of the cross
. ,

+ . s ;
sections for the C2 collisions is first considered on the assumption
that the fraction of metastable projectiles is insignificant, and then
the possibility of the projectiles being in the first excited state is

also considered. The states of the ions and the various parameters to

be considered are listed in Table 6.1.

1. Carbon (2+) on Helium

There are no exothermic pairs of states for single electron

capture of C2+ from Helium, if the projectile ion is in the ground
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state. The ground state case is endothermic by -.204 ey. Hasted and

Smith31 note the form of the C2+ +

He cross section is similar to the
form of other cross sections (for singly-charged ions) that can be

qualitatively described by the adiabatic condition, Eq. 1.A.2, which is

m
V.

R~ 0.13]aE(ew)|n(a) (107 em/sec) (6.B.1)

where AE is the energy defect at infinity and & is the approximate
range of the interaction. For the singly-charged ion case, AE is

approximately constant for all R and values of & = 10 - 20 (ao) fit
the experimental data7’5% For the multiply-charged ion case, it is not
clear what values of the adiabatic parameters, AE and % , should be

used since AE is a strong function of R given by

AER) = -AE() + 21221 (ay) (6.8.2)
R(ao)
Since the average value of AE for Cz+ + Helium in the range of
R=5 to 10 a, 1is about -4 ev , we might choose |AE| = 4 ev and

9 =25 a s this implies VEEL n2.6 x 107 cm/sec , which is consistent
with the experimental data of Fig. 6.B.1.

If the projectile ions were in the first excited state, then
capture into a 2s orbit of C+(2§22p2P°) is eiothermic by 6.28 ev
(R.X = 4.46 ao) and capture into a 2p orbit is exothermic by
0.95 ev (Rg = 28.6 ao) . The first (RX = 4,46 ao) of these cases has

an empirical gLZ function (see Fig. 2.B.2) similar to the measured
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cross section. Hence, the measured cross section cannot be definitely
ascribed to the endothermic pair of states unless most of the projectile

ions were definitely in the ground state.

©'2. 'Carbon (2+) on Neon

Only one pair of states is exothermic for single—electron
2+ . . 2+ .
capture of C from Neon if the projectile C~ ions are in the
ground state. The energy defect between these ground states is

AE = 2.82 ev, and the crossing point is Ri = 9,71 a, - Capture into

+
an excited state of C - is endothermic by at least 2.5 ev , and

excitation of the neon target is endothermic by at least 24 ev.

The empirical GLZ function, OLZ (AE = 2.82 ev, Rx =9,71,

AU(RX)‘= .072 ev), is plotted in Fig. 6.B.2 along with the experimental
data. The function GLZ has a ma#imum at a very low velocity,
VeprL = .05 X 107 cm/sec , and has no resemblance to the experimental
curve

Considering the possibility that the projectile ion is in its
first excited state, leads to two additional GLZ functions also
plotted in Fig. 6.B.2. Considerable manipulation of the L - Z
parameters would be required to force a resemblance between the data and

any of these e

functions. We conclude that the measured cross
section is not due to transitions near a pseudo-crossing of the potential
energy curves as described by the L - Z theory.

Additional discussion of this cross section is given in

section C.2 of this chapter.
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3. Carbon (2+) on Argon

Two pairs of states are exothermic for single-electron
. 2+ . o s 2+ .
capture of C from Argon if the projectile C ions are in the
ground state. The most probable of these two is capture into the
ground (2322p 2PO) state of C+ -for which the énergy defect is

AE = 8.6 ev and the crossing point is R = 4.14 a, - The other is

2 4

capture into the first ekcited (2s2p” 'P) state. This ekcited state
probably contributes less to the observed cross section for two
reasons: 1) it would be a two-electron process requiring the change of
2s electron of carbon to a 2p state along with capture into the

2p state, 2) since its crossing point is relatively large

(Rx = 8.56 ao) , the empirical o function has a maximum at very low

LZ

(vidX = 22 x lO7 cm/sec), which is much below the experi-

1t4
velocities R

mental results. Excitation of the target is endothermic by at least
4.9 ev and need not be considered.

The empirical GLZ function for capture into the ground
state is GLZ (AE = 8.62 ev , Rk = éilé_ao, AU(RX) = 2,39 ev) and
is plotted in Fig. 2.B.3 along with the experimental results. The
experimental curve does not have a maximum in this raﬁge of velocities.
At this point in a comparison between experiment and the L - 'Z theory,
we should consider the contributions of transitions that occur away from
the croésing point. The numerical calculations of BJS for a represen-
tative process having a crossing at 5.8 ad‘ (see Fig. 2.C.2) indicate
that the expected cross section might be twice as large as cLZ and
displaced to lower energies. The‘comparison is subject to the limitation

that the theoretical LZ and BJS calculations are restricted to
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spherically symmetric initial and f£inal states, i.e. an s - s
transition, whereas the C2+ Argon capture process that is being
considered is a p - p transition. However, on the basis of this
rough comparison the results are not inconsistent‘with what is
theoretically expected for a crossing at this R.X =_ﬁ;£§ a, s but they
are not conclusive.

If the fraction of metastable projeétiles is significant,
then the six excited states for which capture is exothermic must be
considered. Although the fraction of metastable projectiles is

probably small, the possibility that it is large adds to the uncertainty

of the comparison in the previous paragraph.
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C. Carbon (4+) on Helium, Neon

The collisions of C4+ with Helium and Neon are character-—
ized by a very close crossing of the potential curves for single-
electron capture into the ground (2s ZS%) state and by a very
distant crossing for captﬁre into the 3s ZS% state. Oﬁ the basis of
the L - Z theory the cross section due to a very close crossing is
expected to be small and have a maﬁimum at a high (within the near-
adiabatic range is implied) velocity; the cross section due to a very
distant crossing is expected to be large and have a maximum at a very
low velocity on the basis of the L -Z theory with the possibility of a second

maximum at a high velocity on the basis of the BJS theory (cf. Chap. 2).

1. Carbon (4+) on Helium

Helium as a target gas has several features that distinguish
it from the other rare gases with larger atomic numbers. Both of its
electrons are in spherically symmetric orbits (1s) , and therefore,
if capture is into an s=-orbit, the transition is s - s and compar-
isons with theory are more applicable. The excitation energies of singly

ionized Helium are large (> 40.8 ev) , so that single-electron capture

e=.4
combined with target excitation is endothermic for IPz < 728, as it is for
capture by C4+ ; therefore,capture into the ground or excited states
of C3+ without target excitation are the only exothermic possibilities

to be considered.

+
The presence of excited ions in the projectile beam of C4

ions is unlikely because of their very high excitation energy (> 298 ev).
The fourth ionization potential (IP4) of carbon is 64.5 ev, considerably
5+

smaller than IP5 = 392 ev; the ion-source output of C is orders
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of magnitude less than the output of C4+ . Consequently, since the

excitation energy of C4+ is almost as large as its ionization
energy, it is reasonable to assume that most of the C4+ ions are
in the ground state.

The states to be considered for single—électron capture of
C4+ from Helium are listed in Table 6.2 along with their appropriate
parameters. Although both the very close crossing, for capture into
the 2s (or 2p) orbit, and the distant crossing, for capture into
the 3s (or 3p) orbit, are outside the range of applicability of
the L - Z theory, the OLZ cross—-section function has been extrapol-
ated and the parameters are listed in the table.

The experimental results for the total cross section for
single-electron capture of C4+ from Helium are given in Fig. 6.C.1. The
error bars shown are the standard deviations of the slope of the linear curve
fit to the data for the capture ratio as a function of gas pressure
(cf. Chap. 5.A).There is an additional overall limit of error estimated
to be #15%. Approximately five data points were taken each day and
some of the scatter in the data is due to variations of the detector
gain between calibrations. Five of the data points (x) were taken
during a period when the detector calibration was not known and these
have been normalized to the other points; the same factor of normal-
ization was used for four data points of C4+ on Neon (Fig. 6.C.2) that
were taken during the same period. The line drawn through the points
consists of two linear segments that are least-squares fits to the
data. and a smooth curve joining these segments; each point is weighted

in the curve-fit in inverse proportion to its deviation.
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The value of the cross section is small below Vo N3 x iO7 cm/sec
(ELab n 6000 ev) with a linear increase at higher velocities. There is
no evidence of a contribution to the cross section similar to the broad
maximum of the 'GLZ(AE = 39.9 ev, RX = 2,51 a  , AU(RX) = 6.7 ev)
function which extends through most of this velocity rénge (cf. Fig. 2.B.2).
As previously noted, the L - Z calculations have a very limited validity
for this small a crossing distance24. A discussion of the increase of the

cross section at higher velocities and of the distant crossing at

Rx = 34.6 a is deferred to the next section.

2. Carbon (4+) on Neon

The interactions of C4+ with Neon and with Helium are similar
in that their respective crossing points for single-electron capture are
in the same ranges. The ionization potential of Neon is smaller than
that of Helium so that the energy defects are larger and, consequently,
the respective crossing points are at somewhat smaller internuclear
separations. Since the outer electrons of Neon are in p-orbits, the
transitions to be considered are not s - s transitions; comparisons
with theoretical calculations that use spherically symmetric initial and
final states are therefore less valid.

‘ The states to be considered for single-electron capture of

C4+ from Neon are also listed in Table 6.2. In addition, the excita-
tion energies of Ne+ are sufficiently small (EEX > 26.9 ev) so that
single-electron capture into the 2s (or 2p) state of C3+ with target

excitation is exothermic; the corresponding crossing points are in

E
(and above) the intermediate range (R.XX > 5.3 ao) . In fact,electron-

128



capture with ionization (excitation of an additional electron to the
continuum) is also exothermic, but the crossing point (cf. Chap. 2.D)

is at a very large (RX = 88 ao) separation. The approximate
0

potential curves for capture into the 2s state of C3+ are given in
Fig. 2.D.3.

The experimental results for the total cross section for
single-electron capture of 04+ from Neon are shown in Fig. 6.C.2.

As discussed in Chap. 1.A,this measured cross section is the sum of
the cross section for single—electron capture with no other electrons
changing state and of the cross sectionsfor single—~electron capture with
target excitation or with target ionization. The error bars, limit of
error and normalization of four data points are as described in the
previous section. The smooth curve is a weighted fit of degree 3 in
the velocity.

The main characteristic of this measured cross section is the
increase at higher velocities similar to the results for C4+ on
Helium. Returning to the theoretical considerations of Chap. 2, we
note the results of the numerical calculations of Bates, Johnson and
Stewartr%or a representative process Gﬂ§+ + H > M; + H+ s Rx = 18.9 ao);
their calculations show, for a crossing at the curves at large
separations, a rise to a second maximum at high wvelocity. BJS point
out that this second maximum of the calculated cross section is the
result of transitions that occur in the range of internuclear separa-
tion of order one-half the curve-crossing distance. For small crossing

points this contribution to the cross section from transitions occurring

away from the crossing point is merged with the ordinary L - Z type
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contribution from transitions near the crossing point. The theoretical
trend of the position of the second maximum is toward higher velocities

for larger crossing points.

2+

The calculated results of BJS for (Mg~ + H) are shown in

4

+
Fig. 6.C.3 along with the experimental results for (C + He) ,

(C4+ + Ne) , and C2+ + Ne). The cross sections are plotted as a

function of the relative velocity. Considering the limits of error

bt + He) results and the limited extent of the similarity of

of the (C
4+ 2+

the (C' + He) and the (Mg~ + H) processes, the closeness of these

two cross—-section curves is somewhat accidental. The transition due

4+

to the distant crossing of the (C' + He) process is an s - s tran-

sition, and this combination, (C4+ + He), seems to be particularly

suitable to a numerical calculation. The trend of the increase in the

cross section is toward higher velocities for larger crossing distances.
The results shown in Fig. 6. C.3 suggest that the measured

bt

cross sections for (04+ + He), (C + Ne) and (C2+ + He) are a

result of the second maximum due to relatively distant crossing points.
4t

The results of a numerical calculation for (C° + He) would provide

a direct comparison between theory and experiment.

D. Carbon (4+) on Argon

. X . 4+
Single-electron capture without target excitation of C

from Argon is exothermic for the same set of final states (cf. Table
6.2) of C3+ as it is for a Helium, of a Neon, target atom. Since the
first I P of Argon is smaller than that of Neon or Helium (cf.

Appendix B), the energy defects for the respective states are larger

and the tendency is toward smaller crossing distances. Therefore,
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there is also a very close crossing for Argon (slightly more distant

because of the larger polarization term) for capture into the 2s

+
(or 2p) state of C3 ;3 the crossing point for capture from Argon

into the 3s (or 3p) state is not very distant, as it was for

Helium and Neon, but it is at a moderate internuclear separation

(RX = 7.8 ao).

Single—-electron capture into the 2s or 2p state of C3+
with target excitation is more ekothermic for Argon‘than for Neon;
the corresponding crossing points (for Argon, R#EX = 3.7 ao) extend
through most of the range of internuclear separations. Capture into
the 2s state of C3+ with target ionization is exothermic by

21.1 ev and the crossing point, R__, defined in Chap. 2 (cf. Fig 2.D.4)
is at a moderate separation (RXo = 7.96 ao) . The exothermic states

and their parameters are listed in Table 6.2.
The. experimental results for the total cross section for

4+

single-electron capture of C from Argon are shown in Fig. 6.D.1. 1In
‘comparison to the results for either a Helium or a Neon target, this
cross section is considerably larger (at low velocities, 50 times the
Neon results) and varies relatively less as a function of the relative
velocity. Some of the scatter of the data points is again a result of
changes in the gains of the detectors, and the variations of the gains
were troublesome during this period of data recording. Approximately
five data points were taken each day. The limits of error and the

error bars are as described in Section C. The smooth curve is a weighted

fit of degree 2 in the velocity.
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The observed cross section may have significant contributions
from any or all of the three processes:
(1) electron capture into the 3s (3p) and/or the

2s (2p) state of C3+;

(2) electron capture into the 2s (ij state of C3+
with target excitation;

(3) electron capture into the 2s (2p) state of 03+
with ionization of the target.
Electron capture into the 3s state with a crossing at Rx = 7.8 a
probably contributes at very low velocities due to transitions near
the crossing and at somewhat higher velocities due to transitions well
away from the crossing. Electron capture with target excitation has
many final states with crossings at moderate separations; this
contribution is very difficult to assess and might contribute to
both the cross section for Argon and that for Neon. As discussed
in Chap. 2.D, electron capture with target ionization might be very
probable if the crossing point, Rko,is at a moderate separation, as it

is for (C4+ + Ar) . The contribution of capture with ionization should

et

be negligible for (C + Ne) and is the probable cause of the large

4t

difference between the (C4+ + Ar) and the (C + Ne) results. Addi-

tional experimental analysis would be required to separate these three

4

+ .
possible contributions to the (C°  + Ar) cross section.
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Some previous experimental results on total ionization
cross sections have provided information on the probability of ioniza-
tion with capture. The results of Flaks, Ogurtsov, and Fedorenkos3
for the total cross section for production of free electrons in the
target gas show larger cross sections for NeZ+ +Xe with Z =4
than with smaller Z ; the relative velocities of collision are above
5.5 107 cm/sec. They attribute this larger cross section to the
process of ionization with capture which is exothermic by 63 ev for

N4+ + Xe , and infer from their data that it depends little on the

4+

relative velocity. Thus, their results on ionization for Ne  + Xe
. . 4+ Lo

and the results of this experiment on capture for C4 + Ar indicate

that 'capture ionization" is a probable process at low velocities

if the process has a large exothermicity.

E. Suggestions for Future Work

The discussion of the results in previous sections indicate
that only if the number of pairs of states with probable contributions
to the measured cross sections is one or two can conclusions be made
about the nature of the cross section for a particular state. Further
experimental efforts can proceed in several directions: one direction
is to choose simple ion-atom combinations for which only one or two
pairs of states need be considered; another direction is to use
additional experimental analysis or methods to determine directly

the initial and final states of the atoms and ions; also, measurements
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of the scattering angle of the fast collision products can be related to
the impact parameter, p , to give the probability of electron capture
as a function of o and provide information about the crossing point

of the initial and final states as described in reference 54.

The approach of this eiperiment has been to use relatively
simple ion—atom combinations of which the best ekample is C4+ + Helium.
The pulsed-discharge ion source may be adaptable to the production of
other multiply-charged light ions. Other combinations suitable for
experimental study and theoretical calculation can then be selected for
experimental measurements.

Additional investigation of the two-electron process of
electron—-capture with target ionization would be of interest, particu-
larly at low wvelocities. Not only is it possible that this mechanism
greatly enhances the probability of electron capture, but it would also
produce free electrons from low velocity collisions between multiply-
charged ions and neutral atoms. Measurements of the number and velocity
distribution of the free electrons from the target would provide
information about the probability and the nature of the capture with
ionization process. However, these measurements require a more
elaborate experiment and almost certainly a continuous or ac modqlated
beam of ions. Initially, measurements of just the total electron-
capture cross section for combinations of ions and atoms, having a
range of ekothermicity and a corresponding range of crossing points,
would provide more information on the probability of the capture with

ionization process.
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APPENDIX A
SECONDARY EMISSION ION DETECTORS

The detectors are of the Daly secondary emission type55
in which ions are accelerated into an aluminum know maintained at a
potential of -30 kilovolts relative to the external surfaces of the
detector. The resulting secondary electrons, emitted from the aluminum,
are then accelerated and focused by the same field into a Pilot B
plastic scintillator on the face of a RCA 8575 Photomultiplier tube.
The detectors have been designed to operate in either a counting mode
(the arrival of the individual ions being sufficiently separated in
time) or a pulsed mode (closely spaced arrival of ions during a short

interval of time).

1. High Voltage Knob Housing

A cross—-sectional view of the detector is shown in Fig. A.l.
The relative locations of the ion entrance, HV knob, and scintillator
are slightly different than that described in reference 56,for which
a plot of the ion and electron trajectories was made. The detector counting
rate is constant (see Fig. 4.C.2) as an ion beam is swept across the %-inch—
wide entrance, demonstrating the effectiveness of the ion and electron
focusing. TFig. A.l also shows how two of these detectors have been

placed to accept ions that have been separated by 2 %—inches in the

45° separator.
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2. Photomultiplier-Scintillator Assembly

The photomultiplier with its scintillator is mounted on the
housing at an angle of 31.5° to allow clearance for the ion beam and
the gas cell at the entrance of the 45° separator (cf. Chapter IV)
Fig. A.2 is a scale drawingkof the photomultiplier housing. The
inside of this housing remains at atmospheric préssure. The voltage
divider circuitry is contained in the housing. Cables for the
voltage supply and for the output signals go through a tube and
vacuum bellows to the outside of the vacuum chamber. Hence, only
the exterior surfaces of the stainless steel housing and the aluminum~
coated scintillator are exposéd to the high wvacuum.

The aluminum coating on the scintillétor is required for
groundingvand also serves as a réflector to reduce the loss of
photons emitted in directions away from the photocathode. The
electrons lose energy in the coating,and consequently the number of
photons produced by each electron is reduced as the thickness of the
coating is increased.‘ However, the efficiency of reflection increases
with the thickness of the coating. In order to maximize the illumin-
ation of the photocathode, a 1200 A° thick coating is used57. The
electrons lose an average of 2.5 Kev in the coating57. The Pilot-B

58,59

scintillator is l—-inch thick and is mounted on the face with

16
‘1 60
silicon grease .
The RCA 8575 tube was chosen for its high quantum efficiency,

spectral response suitable for plastic scintillators, and 50 ohm

output im.pedance.61 The voltage divider circuit is shown in
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Fig. A.3. The voltage arrangement is per RCA's distribution II,
except that the first dynode voltage is maintained at 550 volts when
the anode voltage is changed from the maximum of 3 kilovolts. This
higher dynode voltage maintains a high first stage gain and reduces
the sensitivity to defocusing by external magnetic fields. The
magnetic shield (Perfection Mica Co.) around the tube reduces the

stray magnetic fields to a permissable level.

"'3. Output Pulses

Impedance matching of the anode output is simplified by
the 50 ohm output impedance of the photomultiplier, and fast pulses
are easily obtained. The anode pulse caused by light incident on
the tube is displayed (Fig. A.4) on an oscilloscope that has a 3.5
nanosecond rise time. The Pilot B scintillator has a light decay
time of 1.7 nanoseconds, and the total width of an anode pulse
‘alone, caused by an ion entering the detector, is about 6 nanoseconds
at %—maximum. Therefore, randomly spaced pulses can be counted to
rates above 10 megacycles with high efficiency.

The dynode pulse circuit is designed to produce a much
slower pulse, in which the effects of the individual ions are
masked. The circuit integrates the net charge removed from the ninth
dynode during an interval short compared to its RC decay time of
75 microseconds. Fig. A.5 illustrates the dynode signal caused by

two ions several microseconds apart. The height of a dynode signal

due to many closely spaced ions is proportional to the number of ioms.
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IO NANO, SEC.

Fig. A.4. Anode Pulse Caused by Incident Light.

Fig. A.5. Dynode Signal caused by two Ions Separated by Several
microseconds.
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4, Pulse Height Distributions

The voltage height of an anode pulse (due to an individual

ion) across 50 ohms can be estimated with the equation,

9 N
T

\ N 8 x 10 (volts) (A.D)

where, T = pulse width (& 5 nanoseconds)

X x G = # of electrons deposited on the anode

p 17 %2

(A.2)
§ = secondary electrons from aluminum per incident ion (~ 5)

E = energy of electrons at scintillator (n 28 Kév)

p = average energy loss per photon produced (& 70 ev)

]

efficiency of light collection (v .5)

= quantum efficiency of photo cathode (~ .1)

7

G = photomultiplier gain (v 5 x 10° at 2600 anode volts)

Hence, N o 100 G electrons

and i n 8 wolts.

An integral pulse height (PH) distribution is obtained by
varying the input discriminator level of the counter, and by changing

a variable attenuator in the pulse line (cf. Fig. A.6). This PH
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distribution and its derivative are shown in Fig. A.7 and the
appropriate discriminator level to be used in the counting mode is
indicated.

The distribution of the ninth dynode pulse heights is
obtained directly by using the PH analyzer in the dynode counter
and is shown in Fig. A.8. The mean dynode PH (T%) is only
several millivolts,and 103 nearly simultaneous ions produce a

single pulse of several volts.

5. Counting Efficiency and Noise

The secondary emission coefficient for ions is a slowly
increasing function of their incident kinetic energy at energies
greater than about 20 kilovolts and is of order 5 electrons per
incident ion62 on aluminum. Therefore, as the voltage on the
aluminum knob is increased, more secondary electrons are produced
per ion and the probability of an ion producing no secondary electrons
is reduced. In turn, more electrons with greater energy produce more
scintillation and a larger anode pulse. Hence, the counting
efficiency should be a monotonically increasing function of the
voltage on the knob.

A test of this assumption was made by directing a beam of
ions into the detector and then measuring the counting rate as a
function of the voltage on the knob. The anode discriminator level
was set at the appropriate level to eliminate counts not due to
ions. The results shown in Fig. A.9 demonstrate that the efficiency

is approximately constant above 20 kilovolts. This test, and the
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Fig. A.9. Demonstration of Monotonicity of Counting Efficiency as

Function of Voltage on Knob.
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pulse-height analysis of the previous section, indicate that the
counting efficiency is probably very close to 100%. When an ion
beam is switched from one detector to the other,the counting rates
agree to about 2%.

The background noise due to electron emission or negative
ion emission from the knob has been reduced to less than 1 count per
second by a glow-discharge cleaning as suggested by Daly. Typical
discharge conditions are: 250 microns pressure of dry nitrogen,
negative polarity on the knob, and 1 milliamp. of discharge current
for 15 minutes. Another source of noise seems to be the insulator
between the HV knob and the surfaces at ground potential. Especially
after the discharge process, this noise is very high but can be
eliminated by returning the system briefly to atmospheric pressure.
Also, to obtain a low noise level, this insulator should have a long
surface path to ground, and not be in direct view of the photomulti-

plier. The overall noise rate is usally less than 3 per second.

6. Calibration of Dynode Signal

A calibration method has been devised to relate the
voltage height of the integrated dynode signal ¢aused by
the nearly simultaneous arrival of a group of ions, to the number
of ions. The calibration procedure is to measure the mean dynode
pulse height per individual ion. The calibration is then absolute
to the extent that the mean pulse height per ion is equal to the

average pulse height per ion. The calibration has relative accuracy
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to the extent that the relation between the mean pulse height and
the average pulse height is the same for each detector. It is
assumed that the relation between the mean and the average is
identical for all detectors,and hence the only relative inaccuracy
lies in the determination of the mean dynode pulse»height for each
ion species. The dependence of the mean dynode pulse height on ion
species is determined (cf. section A.7) to about + 27. Adding this
to the error in the determination of the mean dynode pulse height
for any species, the overall relative accuracy for two detectors
accepting different ion species is then about +7%. Also it is
assumed that the average pulse height is equal to the mean pulse
height within +257%, hence the calibration is absolute to within
+327%. (Absolute cross section values in this experiment depend on
the relative accuracy, j7%).

A block diagram for the calibration is‘given in Fig. A.6.
A beam of ions of selected species is directed into the detector at
a low rate (1000/sec), so that the dynode pulses are due to individual
ions. All the ions are counted on the anode counter, however the
discriminator on the dynode counter is set'so that 35% to 65% of
the ions are counted. Fig. A.10 shows the ratio of dynode to anode
counts versus the discriminator level of the dynode counter. The
line through the points is nearly linear because the mean dynode
PH is near the maximum of the PH distribution (cf. Fig. A.8). The
mean dynode PH is defined as the discriminator level for which the
ratio of dynode to anode counts is equal to 0.50.

In order to improve the accuracy of the calibration and
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Fig. A.11l. Mean Dynode Pulse Height versus Anode Voltage.
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to permit operation at various gains of the photomultiplier tube,

the calibration is done as a function of anode voltage. First the
appropriate anode discriminator level ié determined by a series of
anode PH measurements. Both the anode discriminator level and the

mean anode PH fit well to the curve
T=BxV , (A.3)

where T 1is the voltage height; 'V is the anode voltage, B and
K are constants, and K is approximately equal to 12.2. The
dynode PH fits well to a curve of the same form with k approximately
equal to 10. Each data point is then within several percent of
the computed curve. The curve fittings are performed with a computer
routine. The accuracy of the mean dynode PH, calculated from Eq. (A.3)
for anode voltages between 1500 and 3000 volts, is estimated to be
+5%. The range of the mean dynode PH typically extends from .005
millivolt/ion at 1500 anode volts to 4 millivolts/ion at 3000 anode
volts, as shown in Fig. A.1l.

For the dynode signal to remain linear, its height must
be small compared to the interstage voltagé of the tube., For example,
at an anode voltage of 1500, 2 x 105 ions change the ninth dynode
voltage by 1.9%. Therefore, 2 x 105 is approximatély the maximum
number of ions that will produce a linear signal at 1500 anode
yolts. With appropriate amplification, the range of measurement in
the pulsed mode is therefore from 1 ion per pulse to approximately

2 x 10S ions per pulse.
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7. Dependence of Pulse Height on Ion Species

The electron secondary emission coefficient is not the
same for all incident ions, and therefore the PH is a function of the
incident ion species. The mean dynode PH is calibrated for those ions
that can be produced in an electron bombardment ion source, and this
information is then extrapolated to other ions. The secondary

emission is mainly due to the kinetic type of ejection and for a

given energy per unit charge is primarily a function of ion mass,
charge state, and, for molecular ions, the number of atoms per
molecu1e63.

Fo: multiply~-charged ions the incident kinetic energy is
proportional to the charge (the incident kinetic energy is Z times
30 Kev). Therefore,the charge state has a large effect on the
kinetic ejection. The variation of emission as a function of Z is
approximately the same for the several elements measured, as expected.
The mean dynode pulse heights for krypton up to Z = 4 , Xenon to
Z =26, and carbon to Z = 2 are normalized at Z = 2 and
plotted in Fig. A.12. In the present experiment the relative factor
required is, for example, PH(Z = 3)/PH(Z = 4) = .94 , since C4+

3+

enters one detector and C enters the other. The accuracy of this

extrapolation is estimated to be +27%.
Data for the mean dynode PH of various ions relative

2+

to C are given in Table A.1l.
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Table A.1

Ton Relative Mean
Pulse Height

¢t .84
o2t 1.00
ke2t .88
Xe2+ .98

ur .56
+

H, .72
no™ .98

+

H,0 .98
N .83
Nt 1.01
+

N 1.05
ot .87
o2t 1.02
+

o 1.11
+

coy 1.24
cog+ 1.43
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Appendix B

Ionization Potentials

Element IPl IP2 IP3 IP4 IP5 IPl + IP
Carbon 11.27 24.38 47.88 64.49 392.1

Helium 24.59 54.41 79.0
Neon 21.56 41.08 63.70 97.18 126.5 62.6
Argon 15.76 27.62 40.91 59.81 75.0 43.4
Krypton 14.00 24,57 36.95 (68) 38.6
Xenon 12.13 21.21 32.12 (46) 34.3
Hydrogen 13.60

Beryllium 9.32 18.21 | 217.7

Magnesium 7.65 15.03 | 80.13 | 109.3 141.3

., 64
The values in this table are from Charlotte Moore's tabulation

They have been converted to ev using the factor 8066.03 cm_llev.
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